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W e r e  d id  t h a t  group of minor p l a n e t s  come from, revolv ing  around the  Sun 

between the  o r b i t s  of  Mars and J u p i t e r ?  

meteor i tes  t h a t  s t r i k e  t h e  Earth? 

the  p lans  for t he  conquest 06 space? 

i n  t h i s  book by F .  Yu. Zige l .  

Are t h e  minor p l a n e t s  r e l a t e d  t o  t h e  

What r o l e  could the  minor p l a n e t s  p l ay  i n  

These a r e  a few of  the  ques t ions  discussed 

The.reader w i l l  a l s o  l e a r n  about t h e  h i s t o r y  of the  s tudy of  a s t e ro ids ,  mo- 

dern methods of i n v e s t i g a t i n g  them, and about some of the  i n t e r e s t i n g  minor 

planets-Icarus,  Hermes, Eros and o t h e r s .  
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THE MINOR PLANETS 

F. Yu. Zige l '  

"The main purpose and f i rs t  s t e p s  refer t o  man's en t rance  
i n t o  t h e  e the r ,  us ing  s o l a r  energy and. masses s c a t t e r e d  
everywhere, such as a s t e r o i d s  and even smaller 
bodies ."  . . . . . K .  E.  Tsiolkovskiy,  "TseZi ZvezdopZavaniya, 
[The Purposes o f  Space F l i g h t ] .  

ASTEROIDS - THEIR SIGNIFICANCE TODAY 
~- ~ - ~- ~- 

In  t h e  s t r u c t u r e  of  t h e  s o l a r  system t h e r e  i s  a p e c u l i a r i t y  which ev ident ly  - /3* 
is  not  a t  a l l  c h a r a c t e r i s t i c  of  a l l  p l ane ta ry  systems. This i s  t h e  b e l t  of  

small** p l a n e t s  whose o r b i t s ,  wi th rare except ions,  a r e  loca t ed  between those  of 

Mars and J u p i t e r .  Even t h e  l a r g e s t  of t hese  bodies  appear i n  an average s i zed  

te lescope  as s ta r -shaped ,  as o b j e c t s  moving ac ross  t h e  background of  cons t e l -  

l a t i o n s .  This is  the  o r i g i n  of  t h e  o t h e r  des igna t ion  o f  small p l ane t s - - a s t e ro ids ,  

i n  t he  l i t e r a l  t r a n s l a t i o n  from Greek meaning "similar t o  stars". 

The opinion has  been expressed t h a t  t h e  a s t e r o i d  zone r ep resen t s  a secondary, 

i n e s s e n t i a l  d e t a i l  of  t h e  S o l a r  System. In textbooks on astronomy--whether 

school o r  un ive r s i ty - - the  small p l a n e t s  are given s h o r t  s h r i f t .  

few books devoted e s p e c i a l l y  t o  t h i s  sub jec t  and up t o  t h e  p re sen t  t ime the  

d e t a i l e d  monograph of I .  I .  P u t i l i n  [ l ]  has  been unique i n  t h e  astronomical 

l i t e r a t u r e  of  t h e  world. 

f u l  a c t i v i t y  o f  some obse rva to r i e s  and i n s t i t u t e s  s p e c i a l i z i n g  i n  t h i s  f i e l d ,  

t h e  s tudy  o f  t h e  small p l a n e t s  i s  s t i l l  conducted mainly from t h e  p o s i t i o n  o f  

celest ia l  mechanics. 

and a r e  not  guided by any one purposeful  program. 

There a r e  very 

In  s p i t e  o f  t h e  many yea r s '  work and extremely f r u i t -  

As t rophys ica l  i n v e s t i g a t i o n s  o f  t h e  a s t e r o i d s  a r e  i s o l a t e d  

This s t a t e  o f  a f fa i r s  was p a r t i a l l y  promoted by a temporary s lackening of  

i n t e r e s t  i n  t h e  s tudy  o f  t h e  p l a n e t s  i n  genera l  which occurred dur ing  t h e  first 

. . . . . . . _ . . _ _ _ . . . _ . . . . .  . . .  . . . . . . . . 

*Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  fo re ign  t e x t .  
** [Note : The t r a n s l a t o r  has  used t h e  term "small" r a t h e r  than  "minor" throughout.  ] 



h a l f  o f  t h e  present  cen tury .  The wonderful achievements o f  s t e l l a r  astronomy 

temporar i ly  d isp laced  p l ane ta ry  astronomy t o  a secondary l e v e l .  

p l ane t s  has  become t h e  almost exc lus ive  proper ty  of  amateur astronomers. 

Research on 

As D .  Kuiper [2]  j u s t l y  states,  "Professional  astronomers with t h e i r  l a rge  /4 
t e lescopes  have been so busy with t h e  s u r p r i s i n g  problems of t h e  s t a r s ,  nebulae,  

s t a r  c l u s t e r s ,  ga l ax ie s  and t h e  s te l la r  universe  t h a t  astronomy almost became 

t h e  exc lus ive  s tudy  of  t h e  s t a r s . "  

t i o n  had p a r t i c u l a r  r e fe rence  t o  the  s tudy of  t h e  small p l ane t s .  

I t  was n a t u r a l  t h a t  t h i s  unfavorable  s i t u a -  

The coming of  t h e  space age l ed  t o  a r eeva lua t ion  of  va lues  i n  a l l  a r eas  of  

human a c t i v i t y  inc luding  astronomy. I t  seemed t h a t  astronomy, des t ined  forever  

t o  be  a purely "observat ional"  s tudy,  suddenly turned  i n t o  an experimental  

sc ience  r i g h t  be fo re  our eyes. 

Near space is  becoming t h e  arena o f  p r a c t i c a l  human a c t i v i t y .  Plans f o r  
t h e  near  f u t u r e  t o  t r e a d  upon t h e  su r face  of t h e  Moon and then on the  nea re r  

p l ane t s  appear q u i t e  reasonable  today. Under these  condi t ions  it i s  completely 

normal f o r  p l ane ta ry  astronomy t o  have a r e b i r t h .  I t  i s  becoming a very import- 

a n t  a i d  i n  a s t ronau t i c s .  

From t h e  po in t  o f  view of  a s t ronau t i c s ,  a s t e r o i d s  a r e  c h i e f l y  i n t e r e s t i n g  

from two aspec ts .  

zone (Figure l ) ,  danger from meteors w i l l  s u b s t a n t i a l l y  inc rease .  A quan t i t a -  

t i v e  eva lua t ion  of  t h i s  danger f o r  concrete  t r a j e c t o r i e s  o f  spacec ra f t  can 

obviously be made with confidence only when t h e  s t r u c t u r e  and composition o f  

t h e  a s t e r o i d  r i n g  a r e  s u f f i c i e n t l y  well-known by us .  

o f  t h e  a s t e r o i d s ,  t h e o r e t i c a l l y  speaking, w i l l  f a c i l i t a t e  landing on and. depa r t -  

ing  from t h e  l a r g e s t  o f  t h e s e  small p l ane t s .  

a landing i n  connection with a lack  of  atmosphere around the  a s t e r o i d s  w i l l  not  

be  a b l e  t o  make use o f  t h e  "atmospheric brake." 

l i t e r a t u r e  a r e  even found assignments which look f a n t a s t i c  a t  f i r s t  glance,  such 

as t h e  e x p l o i t a t i o n  of  raw mate r i a l s  from the  a s t e r o i d s  and the  t r anspor t a t ion  

o f  some of them, t h e  most va luable ,  t o  a po r t ion  o f  t h e  Ea r th ' s  o r b i t  f o r  

processing,  so t o  say,  "oh t he  S P O t . ~ ~  

During f u t u r e  voyages of space equipment through t h e  p l ane ta ry  

The r e l a t i v e l y  t i n y  mass 

On t h e  o the r  hand, however, such 

In cu r ren t  a s t r o n a u t i c a l  
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Uranus I t  i s  poss ib l e  t o  eva lua te  t h e  

a c t u a l i t y  and t echn ica l  f e a s i b i l i t y  of 

t hese  p a r t i a l  t a s k s  wi th in  t h e  general  

Saturn 

p lan  o f  conquering near space i n  d i f -  

f e r e n t  ways. I t  i s  beyond doubt, how- 

e v e r , t h a t  t h e  s i g n i f i c a n c e  o f  t h e  - /5  
a s t e r o i d s  f o r  contemporary sc ience  i s  

far  from having played i t s  f u l l  r o l e  i n  

t h e  f u t u r e  a s t r o n a u t i c  a c t i v i t y  o f  man- 

kind. 

a s t e r o i d s  c a r r i e d  on d i r e c t l y  from d i f -  

f e r e n t  po in t s  of  view. can lead  t o  t h e  

s o l u t i o n  of  some important s c i e n t i f i c  

prob 1 ems. 

Even today t h e  s tudy  o f  t h e  

The small p l a n e t s  a r e  s t i l l  i n -  

d iv idua l  c e l e s t i a l  bodies  which we s tudy  

Figure 1. The Astero id  Belt .  i n  two ways, by astronomical methods and, 

i n  c o n t r a s t ,  d i r e c t l y  i n  e a r t h  labora-  

t o r i e s .  The f a c t  i s  t h a t ,  i n  those  

cases  where t h e  o r b i t s  of  me teo r i t e s  can be  determined with s u f f i c i e n t  accuracy, 

i t  is c l e a r  t h a t  they approach t h e  e a r t h  from t h e  very h e a r t  o f  t h e  a s t e r o i d  

b e l t .  In o the r  words, t h e r e  i s  no doubt of  t he  f a c t  t h a t  t h e  overwhelming 

number of meteor i tes  ( i f  not  a l l )  and small p l ane t s  are bodies  o f  one na tu re  and 

of one origin: In those  cases where the  o r b i t  of  an  a s t e r o i d  i s  g r e a t l y  drawn 

out  (which is  c h a r a c t e r i s t i c  of  only t h e  smallest ones) and in te rsec ts  t h e  o r b i t  

of t h e  Earth,  t h e  p o s s i b i l i t y  a r i s e s  of  a d i r e c t  c o l l i s i o n  o f  t he  a s t e r o i d  with 

our  p l a n e t .  

l y  labora tory .  

/6 

In t h i s  case t h e  small p l ane t  has  a chance of ending up i n  an ea r th -  

Research on a s t e r o i d s  i s  considerably enhanced by t h e  uniform na ture  of  

meteor i tes  and a s t e r o i d s .  

with r e s u l t s  obained from meteo r i t e s  can e l u c i d a t e  a number of cosmogonic 

problems, f i rs t  and foremost be ing  t h e  ca rd ina l  ques t ion  o f  t h e  o r i g i n  o f  t h e  

small p l a n e t s .  

Combining astronomical  d a t a  about t h e  small p l ane t s  

3 



Whether t h e r e  was ever  i n  t h e  p o s i t i o n  of  t h e  a s t e r o i d  b e l t  a l a r g e  p l a n e t  

which c a t a s t r o p h i c a l l y  exploded i n t o  a great number of  fragments, o r  whether 

t h e r e  have always e x i s t e d ,  from t h e  very  beginning of  t h e  formation of  t h e  <plane- 

t a r y  system, only small bodies which have been gradual ly  breaking up i n  t h i s  

region has  s t i l l  n o t  been d e c i s i v e l y  determined. 

t o  t h i s  quest ion o r  another  would serve  as a "touchstone" f o r  a s e r i e s  o f  

cosmogonic hypotheses.  

In  t h e  meantime, one s o l u t i o n  

On t h e  o t h e r  hand, d i scover ies  i n  t h e  meteor i tes  o f  high molecular organic  

compounds and s o - c a l l e d  "organized elements," which many researchers  consider  

remains o f  e x t r a t e r r e s t r i a l  organisms, p lace  b e f o r e  modern sc ience  such problems 

as t h e  evolu t ion  o f  organic  substances i n  space,  t h e  o r i g i n  of  l i f e  on Earth and 

i t s  l i m i t s .  

w i l l  be  found p r e c i s e l y  i n  a j o i n t  s tudy  o f  meteor i tes  and a s t e r o i d s .  

I t  is  p o s s i b l e  t h a t  t h e  s o l u t i o n  t o  t h e s e  e x c i t i n g  problems 

Natural ly ,  new problems do not  exclude t r a d i t i o n a l  quest ions solved by means 

of t h e  a s t e r o i d s .  

volved i n  complicated problems of celest ia l  mechanics. 

small  p lane ts  w i l l  b e  of some use  i n  c o n s t r u c t i n g  s t e l l a r  ca ta logs .  

I n  t h e  f u t u r e  t h e  movement of t h e  small  p l a n e t s  may be i n -  

J u s t  as previously,  

Nevertheless,  t h e s e  t r a d i t i o n a l  s u b j e c t s  do not  determine t h e  f u t u r e  s tudy 

Foremost w i l l  be problems of as t rophys ics ,  cosmogony and of t h e  a s t e r o i d s .  

a s t r o n a u t i c s .  

c u r r e n t  i n v e s t i g a t i o n s  of  t h e  small  p l a n e t s .  

The complex s tudy of  meteor i tes  and a s t e r o i d s  w i l l  dominate i n  

Asteroids are i n  t h e  order  of t h e  day f o r  c u r r e n t  sc ience .  We hope t h a t  

t h e  t o p i c a l i t y  of t h e  s u b j e c t  w i l l  prompt t h e  reader  t o  f u r t h e r  and more d e t a i l -  

ed acquaintance with t h e  small p l a n e t s .  

SOME HISTORY - / 7  

The f i r s t  d iscover ies  of  t h e  small p l a n e t s  were not  pure ly  by chance. A s  

e a r l y  as 1596, i n  h i s  book The Mysteries of Cosmography, Johann Kepler expressed 

t h e  conjec ture  t h a t  some unknown p lane t  must e x i s t  between t h e  o r b i t s  of  Mars 

and J u p i t e r .  

with something. 

This enormous region of  cosmic space,  it seemed, had t o  be f i l l e d  

4 



Furthermore, Kepler p e r s i s t e n t l y  looked f o r  a connection between t h e  d i s -  

tances  of t h e  p l a n e t s  from t h e  Sun and t h e i r  per iods  of  revolu t ion .  By them- 

s e l v e s  t h e  known p l a n e t s  were not  a s u f f i c i e n t  base f o r  t h e  cons t ruc t ion  o f  a 

simple, enipirical  law. Therefore,  as Kepler himself writes, "I permit ted myself 

' a s t r a n g e  and audacious assumption: I assumed t h a t  i n  a d d i t i o n  t o  t h e  v i s i b l e  

p l a n e t s  two o t h e r  p l a n e t s  e x i s t ,  i n v i s i b l e  because of t h e i r  extreme smallness,  

and found between Mercury and Venus and between Mars and J u p i t e r . "  

__. 
~ - 1 . -  = ~ -  
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The s p e c u l a t i v e  assumptions o f  Kepler were confirmed two years  l a t e r  (only 

p a r t i a l l y ,  it is  t r u e )  by a remarkable empir ical  comparison combining t h e  mean 

d i s t a n c e s  of  t h e  p l a n e t s  from t h e  Sun. In  1772 Johann T i t i u s ,  p rofessor  of  

Astronomy a t  Wittenberg, c a l l e d  a t t e n t i o n  t o  t h e  f a c t  t h a t  t h e  magnitudes of  t h e  

semi-major axes of t h e  p l a n e t a r y  o r b i t s  i n  astronomical u n i t s  can be respresented 

~~ 
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q u i t e  c l o s e l y  by t h e  formula 

a = 0.4 + 0.3-2n . n 

This t a b l e  compares t h e  magnitudes an, computed by t h i s  equation, with 

r e a l  d i s tances  of t h e  p l a n e t s  from t h e  Sun: 
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IAn astronomical u n i t  equals  t h e  length of t h e  major semi-axis of t h e  Ear th ' s  
o r b i t  (149.5 m i l l i o n  km). I t  i s  designated by AU. 



In  cons ide ra t ion  o f  t h e  fact  t h a t  a t  t h i s  t i m e  t h e  t h r e e  l a s t  p l ane t s  had n o t / 8  

ye t '  been discovered,  t h e  coincidence of  t h e  r e g u l a r i t y  observed with r e a l i t y  

seemed simply amazing t o  T i t i u s '  contemporaries.  

T i t i u s '  d iscovery i n t e r e s t e d  t h e  Ber l in  astronomer Johann Bode who d id  not  

h e s i t a t e  t o  give it wide p u b l i c i t y .  

r e g u l a r i t y  came t o  be  c a l l e d ,  received unexpected confirmation very quickly.  

The "Titius-Bode Law," as t h e  discovered 

On 13 March 1781, W i l l i a m  Herschel discovered Uranus. The d i s t ance  o f  t h i s  

new p lane t  from t h e  Sun proved t o  be  very c l o s e  t o  t h a t  p red ic t ed  by t h e  T i t i u s -  

-Bode Law. Now, t h e r e  were few astronomers who doubted t h a t  t h i s  empir ica l  law 

r e f l e c t s  an ob jec t ive  r e l a t i o n s h i p  of  na ture .  But it followed t h a t  between Mars 

and J u p i t e r  t h e r e  must a l s o  e x i s t  a p l ane t  with a semi-major a x i s  of  the  o r b i t  

approaching 2 .8  AU. 

Eight years  a f t e r  t h e  discovery o f  Uranus, F .  Zach t r i e d  t o  compute t h e  

o r b i t  of  t h e  hypo the t i ca l  p l ane t  and i n  1796, a t  t h e  Astronomical Congress i n  

Goth, a group of  24 astronomers were gathered under t h e  w i t t y  des igna t ion  of 

"The C e l e s t i a l  Po l i ce  Detachment . I '  In add i t ion  t o  Zach, t h e r e  were present  such 

eminent astronomers as Lalande and Schroeter  j n  p a r t i c u l a r .  

organizing a sys temat ic  search f o r  t he  undetected p l a n e t .  

e n t i r e  Zodiacal c i r c l e  was divided i n t o  24 p a r t s ,  corresponding t o  t h e  number o f  

observers .  

The t a s k c o n s i s t e d  of 

For t h i s  purpose t h e  

The search was begun, bu t  t h e  f irst  fou r  years  d id  no t  lead t o  the  des i r ed  

The discovery was made by Giuseppe P i a z z i ,  D i rec to r  of  t h e  Observatory r e s u l t .  

a t  Palermo ( S i c i l y ) ,  without  any connection a t  a l l  with the  "Ce les t i a l  Po l i ce  

Detachment. 

During t h e  n igh t ,  from t h e  f i r s t  t o  second of  January 1801, P i a z z i  was 

observing t h e  p o s i t i o n  o f  t h e  stars i n  t h e  c o n s t e l l a t i o n  Thales.  

next  s t e p  i n  a d i f f i c u l t  work l a s t i n g  many years ,  t h e  compilation o f  a new 

s t e l l a r  ca ta log .  On t h e  fol lowing n igh t ,  P i a z z i  noted t h a t  one o f  t h e  stars,  

observed by him t h e  day before ,  had moved a l i t t l e  t o  t h e  west, while  t h e  o the r  

50 stars had remained f ixed .  

t h a t  t h e  moving ob jec t  was not  a s ta r ,  bu t  a body belonging t o  the  s o l a r  system. 

This was t h e  

On t h e  t h i r d  n igh t  P i a z z i  was f i n a l l y  convinced 
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Thinking he  had by chance discovered a new comet, P i a z z i  continued h i s  

observat ions,  bu t  d i d  not  inform anybody i n  t h e  beginning o f  t h e  discovery made 

by him. Only on 24 January d i d  he  send a r e p o r t  t o  Ber l in  and Milan. Pos t a l  

s e r v i c e  was bad, t h e  t imes were t u r b u l e n t  because Europe was experiencing t h e  

Napoleonic Wars, and P i a z z i ' s  l e t t e r  only reached Ber l in  on 20 March and Milan 

even l a t e r ,  5 Apr i l .  

/9 

I t  is  i n t e r e s t i n g  t h a t  dur ing  these  same months, while  P i a z z i ' s  l e t te rs  

were heading f o r  t h e i r  d e s t i n a t i o n s ,  a young phi losopher  from Jena,  George Hegel, 

publ ished h i s  d i s s e r t a t i o n  i n  which he  t r i e d  t o  show from a pure ly  specu la t ive  

p o s i t i o n  t h a t  t h e r e  could not  be  more than  seven p l ane t s  i n  t h e  s o l a r  system. 

Bode was i n  Ber l in  and rece ived  P i a z z i ' s  l e t t e r ,  bu t  d id  not  know about 

Hegel 's  keen polemical and phi losophica l  specula t ions .  

moment t h a t  f i n a l l y  t h e  long sought p l ane t  had been discovered.  Unfortunately,  

it was hidden i n  t h e  Sun's r ays  a t  t h i s  t ime and i n  order  t o  f i n d  it again he 

would have t o  compute i t s  o s b i t  q u i t e  exac t ly  according t o  P i a z z i ' s  observa t ions .  

H e  d i d  not  know about 

The job was very d i f f i c u l t .  P i a z z i  had observed t h e  p l a n e t ,  discovered 

and then l o s t  aga in ,  f o r  40 days.  During t h i s  t ime it describe'd an arc of  

about t h r e e  degrees i n  t h e  firmament, and t h e  diameter o f  t h e  Moon only covers  

about s i x  degrees .  

t hese  d a t a  were c l e a r l y  i n s u f f i c i e n t  f o r  an exact  determinat ion o f  t h e  p l ane t ' s :  

o r b i t .  

s o l u t i o n .  

In t h e  opinion o f  t he  contemporary t h e o r e t i c a l  astronomers,  

A disappoin t ing  s i t u a t i o n  w a s  t ak ing  shape and requi red  some kind of  

I t  was found by Karl Gauss, who was a t  t h a t  time a r e l a t i v e l y  unknown 24- 

-year  o l d  r eade r  a t  t h e  Univers i ty  o f  Goettingen. Gauss worked ou t  an e legant  

new a i d  making it poss ib l e  t o  determine t h e  o r b i t  of  a c e l e s t i a l  body with only 

t h r e e  observa t ions  o f  it. Was it poss ib l e  t o  f i n d  a b e t t e r  way o f  v e r i f y i n g  t h e  

new theory? 

Equipped with t h e  method of  least  squares ,  invented by him even e a r l i e r ,  

Gauss appl ied  himself  t o  t h e  computation and by November 1801 he  had publ ished 

h i s  f i nd ings .  The semi-major a x i s  o f  t h e  new p lane t  was found t o  be  equal t o  
2.8 AU, i n  f u l l  agreementwith t h e  Titius-Bode L a w .  Gauss a l s o  determined t h e  
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p o s i t i o n  of  t h e  p l a n e t  i n  t h e  sky, bu t  cont inuously overcas t  weather hindered 

t h e  astronomers i n  again f ind ing  t h e  l o s t  p l a n e t .  Only on December 31, 1801 

d i d  F r i ed r i ch  Olbers ,  a Ber l in  astronomer, s i g h t  a suspic ious  s t a r l e t ,  no t  

mentioned on t h e  c h a r t s ,  i n  t he  c o n s t e l l a t i o n  o f  Virgo, very c lose  t o  the  spot  

determined by Gauss. Such was the  second f ind ing  o f  t h e  p l a n e t  which rece ived  

t h e  name o f  Ceres,  t he  t u t e l a r y  d i e t y  of S i c i l y ,  on P i a z z i ' s  suggest ion.  /10 

This seemed t o  be t h e  p lace  t o  s t o p .  The missing p l ane t  had been found, 

r i g h t  where it had been expected. 

enjoyed i t s  next  triumph, t he  Titius-Bode p r i n c i p l e  rece ived  t h e  s t a t u s  o f  law-- 

--"the Law of P lane tary  Distances."  What e l s e  o f  importance could be wished f o r ?  

Thanks t o  Gauss, c e l e s t i a l  mechanics had 

Observing Ceres on 28 March 1802, Olbers observed another  unknown s t a r l e t ,  

Two hours observa t ion  convinced him t h a t  t h i s  completely unexpected, nea r  i t .  

ob jec t  obviously moved aga ins t  t he  background of  t h e  r e g u l a r  s ta rs .  

way, cont ra ry  t o  expec ta t ions ,  s t i l l  one more member was added t o  the  l i s t  of  

p l ane t s  of  t he  S o l a r  System, the  small  p l a n e t  Pal las .  

In t h i s  

In  con t r a s t  t o  Ceres ,  Pallas had an o r b i t  s t r o n g l y  inc l ined  ( a t  an angle 

of  34') t o  t he  p lane  o f  t he  Ea r th ' s  o r b i t  and, although i t s  major semi-axis was 

a l s o  found equal t o  2 . 8  AU, t h e  simple diagram o f  the  s t r u c t u r e  of  t he  s o l a r  

system seemed t o  have vanished, hopeless ly ,  f o r  Olbers and h i s  contemporaries.  

"Where i s  t h a t  sp lendid  r egu la r  order  t o  which the  p l a n e t s  were apparent ly  

sub jec t  i n  t h e i r  d i f fe rences?"  wrote Olbers t o  Bode. "It  seems t o  me t h a t  it 

i s  s t i l l  too  e a r l y  t o  phi losophize i n  t h i s  regard ;  we must f i r s t  observe and 

descr ibe  the  o r b i t s  i n  o rde r  t o  have r e l i a b l e  bases  f o r  our  assumptions, and 

maybe then we can determine o r  a t  l e a s t  approximately expla in  whether Ceres and 

Pallas have always t r a v e l e d  t h e i r  o r b i t s  i n  peacefu l  proximity,  bu t  s epa ra t e ly  

from one another ,  o r  whether both a r e  only  fragments,  only p i eces  of  an e a r l i e r  

l a rge  p l ane t  which some kind of  ca tas t rophe  destroyed."  

Olbers '  hypothes is ,  pos i t i on ing  new ideas  o f  t h e  s t r u c t u r e  of t he  s o l a r  

system, found quick experimental  confirmation on those  f i r s t  days,  i n  the  opinion 

of t he  time. I f  indeed the re  had once e x i s t e d  between Mars and J u p i t e r  a l a rge  
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p l a n e t  which l a t e r  d i s i n t e g r a t e d ,  according t o  t h e  laws o f  ce les t ia l  mechanics 

i t s  fragments should fol low o r b i t s  i n  planes which have a common l i n e  of  i n t e r -  

s ec t ion .  From t h i s  Olbers came t o  t h e  conclusion t h a t  no t  only Ceres and Pallas, 

bu t  a l s o  a l l  t h e  o t h e r  s t i l l  undiscovered small p l ane t s  (each i n  i t s  own period)  

should pass nea r  two p o i n t s  o f  t h e  sky, one o f  which is found i n  t h e  cons t e l -  

l a t i o n  of Virgo, and t h e  o t h e r  i n  t h e  c o n s t e l l a t i o n  of  Cetus. 

Olbers '  p r e d i c t i o n  was f u l f i l l e d  i n  t h e  b e s t  way poss ib l e ;  on 2 September /11 
1804, Harding found a t h i r d  a s t e r o i d ,  Juno, i n  t h e  c o n s t e l l a t i o n  o f  Cetus and on 

29 March 1807, Olbers h imsel f  discovered t h e  fou r th  a s t e r o i d ,  Vesta, i n  t h e  

c o n s t e l l a t i o n  o f  Virgo (Figure 2 ) .  

A l l  astronomers were a l ready  convinced now t h a t  

i n  t h e  space between t h e  o r b i t s  of  Mars and J u p i t e r  

t h e r e  was evident ly  a l a rge  number of  small bodies  

o r b i t i n g  around t h e  Sun, t h e  fragments of some 

c a t a s t r o p h i c a l l y  destroyed p l a n e t .  
Ceres Vesta 

The craving f o r  new d i scove r i e s  d id  not only 

inc lude  p ro fes s iona l  astronomers,  bu t  a l s o  numerous 

amateur astronomers. In  t h e  name o f  s e l f l e s s  

Figure 2 .  The S ize  of  s e r v i c e  t o  sc ience  these  en thus i a s t s  converted t h e  
t h e  Largest  Asteroids  
i n  Comparison with t h e  g a r r e t s  of t h e i r  own res idences  i n t o  domestic 

Moon. obse rva to r i e s .  On modest resources ,  sometimes i n  

a very i n t r i c a t e  way, they acqui red  te lescopes  and, 

s ea rche r s  f o r  new a s t e r o i d s ,  spent  long n igh t s  

month af ter  month and year  a f te r  year  i n  search  of  

a f i f t h  p l ane t .  Thei r  d i l i g e n c e  was simply amazing, 

as was t h e  p e r s i s t e n c e  with which they sometimes overcame exceedingly g r e a t  

d i f f i c u l t i e s ,  most o f  a l l  t h e  l ack  of  d e t a i l e d  c h a r t s  of t h e  zodiacal  cons t e l -  

l a t i o n s .  

This is  how a c l o s e  f r i e n d  o f  Karl Hencke, a p o s t a l  o f f i c i a l ,  descr ibes  

h i s  homemade observatory:  
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I I II 

"We went up a high ladder  t o  t h e  c lean  spacious g a r r e t  o f  t h e  h u t .  I saw 

only a t a b l e  and cha i r - - the re  was no mention of any tower. 

of t h e  roof Hencke had removed f i v e  t i l e s ,  a beam was exposed and formed a s u i t -  

ab l e  ape r tu re .  

could t u r n  i n  any d i r e c t i o n .  

simp1 e twine.  

On t h e  south s i d e  

To t h e  beam was a t tached  a wooden frame which t h e  observer  

The te lescope  was a t t ached  t o  t h e  frame with 

Another d i scoverer  of  small p l ane t s  was t h e  a r t i s t  Hermann Goldschmidt who 

saw a p o r t r a i t  of  Gal i leo  i n  Florence and made two copies  of i t .  One of  t hese  

he presented t o  Arago, t h e  f~"Js French astronomer,  and t h e  o the r  he t raded  f o r  

a small te lescope .  

In  s p i t e  of  a l l  h i s  e f f o r t s  and c a r e f u l  search ing ,  it was only a f t e r  15 - / 1 2  
cease l e s s  years  of  seeking, i n  1845, t h a t  Hencke f i n a l l y  discovered t h e  f i f t h  

a s t e r o i d ,  Astraea.  Olbers notwithstanding,  t h e  o r b i t  of  Astraea d id  not i n t e r -  

s e c t  with t h e  o r b i t s  of  t h e  f irst  four  small p l a n e t s ,  and t h i s  fact  aroused t h e  

f irst  doubts about t he  hypothesis  of  t he  o r i g i n  of  t h e  a s t e r o i d  b e l t  i n  t h e  

d i s i n t e g r a t i o n  o f  one p l ane t  similar t o  Earth.  

A t  t h i s  time, t h e r e  began a s e r i e s  of d i scove r i e s  o f  more and more dwarf 

p l ane t s .  Af te r  10 years  t h e  ca t a log  of  a s t e r o i d s  a l ready  included 36 i t e m s ,  

and by 1890, 302 small p l ane t s  had been discovered.  

J u s t  as  i n  everything,  champions were t o  be d i s t ingu i shed  here :  Pal isa  

discovered 83 a s t e r o i d s ,  Charlois--72, Wolf--22. I t  happened tha t  i n  a s i n g l e  

n ight  an observer  would succeed i n  d iscover ing  two unknown a s t e r o i d s  a t  once. 

For example, t h i s  happened twice t o  Pe ters  and t h r e e  times t o  Palisa. In  t h e  

end, t h e  cons tan t ly  growing number of  d i scover ies  caused some d i f f i c u l t y .  

Following longstanding t r a d i t i o n ,  t he  f irst  a s t e r o i d s  were given t h e  names 

of anc ien t  Roman goddesses. However, t h e  !'mythological resources"  were quick ly  

exhausted and t h e  45th a s t e r o i d  was already given t h e  common feminine name 

"Eugenia." Arb i t r a r ines s  necessa r i ly  rep laced  t r a d i t i o n .  Looking a t  t h e  cu r ren t  

ca ta log  of a s t e r o i d s ,  we f i n d  names which give testimony t o  t h e  g r e a t  resource-  

fu lness  of t h e i r  au thors .  Is it not  amusing t h a t  i n  t h e  s o l a r  system t h e r e  a r e  

p l ane t s  named Indus t r i a ,  Phi losophia ,  Geometria, Photographia, J u s t i t i a ?  O f  
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course geographic names are a l s o  used: Russia, Asia, Europa, A u s t r a l i a  and many 

.others.  

Some a s t e r o i d s  are given women's names, and it i s  p o s s i b l e  t o  a l l e g e  t h a t  

many of  t h e  feminine readers  of  t h i s  book w i l l  f i n d  t h e i r  names i n  t h e  c a t a l o g  

of a s t e r o i d s .  Among t h e s e  p l a n e t s  a r e  Anna, Maria, El izabetha,  Helena, Nata l ia ,  

I rena  and o t h e r s  (but t h e  a s t e r o i d s  Zoya, Zinaida, Nadezhda, Polina.  . .are 
missing) .  I t  i s  t r u e  t h a t  a f e w ,  including some very important a s t e r o i d s ,  have 

masculine names, e .g . ,  t h e  a s t e r o i d s  Eros, Hermes, Icarus .  But even here ,  as a 
r u l e ,  masculine names a c q u i r e  feminine endings. This i s  how t h e  names o f  

a s t e r o i d s ,  t o  which d i s t o r t e d  family names of  famous Russian s c i e n t i s t s  have 

been appl ied ,  look: Bredihina,  Morozoviya, Belopol 'skiya,  Tseraskiya,  Shtern- 

berga ... However, i n  t h e  l i s t  of  a s t e r o i d s ,  it i s ,  e .g . ,  p o s s i b l e  t o  meet with 

an a s t e r o i d  as  unremarkable as  Vitya.  The fan tasy  of  t h e  f irst  d iscoverers  of  

small p lane ts  w i l l  no t  be quickly exhausted, and t h e r e  a r e  s t i l l  many s t range .  

pre ten t ious  names which w i l l  appear i n  f u t u r e  a s t e r o i d  ca ta logs .  However, even 

now t h e  a p p l i c a t i o n  of  names sometimes f a l l s  behind t h e  ra te  of  new discover ies  

and about 50 a s t e r o i d s  mentioned i n  t h e  l i s t s  s t i l l  have only an o r d i n a l  

number . 

- /13  

A t  t h e  present  t ime every newly discovered small  p l a n e t  rece ives  a pre-  

l iminary des igna t ion  a t  f i r s t .  

Along with t h e  year  of discovery,  t h e r e  s tands  a l e t t e r  of  t h e  Lat in  

a lphabet ,  depending on t h e  h a l f  o f  t h e  month i n  which t h e  p l a n e t  was discovered. 

Thus, e.g. ,  i f  an a s t e r o i d  i s  discovered i n  t h e  f irst  h a l f  o f  January 1969, it 

w i l l  b e  designated 1969 A, i n  t h e  second h a l f  of January 1969 B ,  e t c .  But i n  

15 days a number of a s t e r o i d s  can be discovered. Therefore another  l e t t e r  of  

t h e  alphabet  ( i n  sequence of  discovery)  is  a t tached  t o  t h e  designat ion mentioned 

For example, t h r e e  a s t e r o i d s  discovered i n  the  second h a l f  o f  January 1969 must 

be given t h e  prel iminary des igna t ions :  1969 B y  1969 BB,  1969, BC. 

I n  a d d i t i o n  t o  t h i s  general  system of  denomination, p r i v a t e  names a r e  a l s o  

used, given by t h e  observatory i n  which t h e  discovery took p l a c e .  

designat ion,  i . e . ,  o r d i n a l  number and name, is given t o  t h e  a s t e r o i d  only a f te r  

i t s  o r b i t  has  been r e l i a b l y  c a l c u l a t e d .  

A f i n a l  
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I 1  I 1  I..I 

This includes one s i g n i f i c a n t  d i f f i c u l t y .  As long as a s t e r o i d s  were number- 

ed i n  u n i t s ,  computation o f  t h e i r  o r b i t s  and ephemerides ( i . e . ,  p o s i t i o n  i n  t h e  

sky f o r  every moment of  time i n  t h e  f u t u r e )  was l e f t  t o  ind iv idua l  e n t h u s i a s t s .  

But q u i t e  r a p i d l y  t h i s  t a s k  became t o o  extreme f o r  them, and from t h e  lack  of 

knowledge of o r b i t s  (and consequently o f  ephemerides) t h e  small p l a n e t s  d i s -  

covered were l o s t  again.  As a l ready  discussed,  t h i s  unpleasant  s i t u a t i o n  began 

with Ceres, But a t  t h a t  time, Gauss saved t h e  s i t u a t i o n ,  while  l a t e r  more and 

more frequent  analogous 

outcome. 

episodes were f a r  from having t h e  same favorable  

The examples have a discouraging look. 

In t h e  f ive-year  per iod from 1871 t o  1875, 45 of  47 p l a n e t s  discovered re- 

ceived f i n a l  des igna t ions .  

new century (1901-1905) 179 of  300 small  p l a n e t s  discovered were l o s t ,  and i n  

1936-1940 only 138 items o u t  of  1,176 small  p l a n e t s  discovered were duly 

recorded ! 

But already i n  t h e  f i rs t  f ive-year  per iod o f  t h e  

/ 14 - If t h e  p o s i t i o n  of a new a s t e r o i d  was recorded i n  t h e  sky only once o r  

twice,  i t  may be considered as hopelessly o b l i t e r a t e d  i n  t h e  s t e l l a r  d i f f u s i o n  

of  dim s t a r s .  Even i n  1953, as I .  I .  P u t i l i n  has  mentioned, t h e  number of  

such a s t e r o i d s  exceeded 3,500 ( i . e . ,  almost two and one h a l f  times as many as 

have been d e f i n i t i v e l y  r e g i s t e r e d ) !  

For  t h e  purpose of  overcoming t h e 9  d i f f i c u l t i e s ,  t h e  Ber l in  Computing 

Office,  i n  ex is tence  up t o  1945, was c rea ted  i n  1873, e s s e n t i a l l y  as a c e n t e r  

f o r  s tudying small  p l a n e t s .  Af te r  t h e  war t h i s  r o l e  was taken over by t h e  

Leningrad I n s t i t u t e  of Theore t ica l  Astronomy (ITA, founded i n  1920) of  t h e  

Academy of Sciences of t h e  USSR. Observatories of  t h e  e n t i r e  world use t h e  

ephemerides2 published by t h e  ITA. I n  s p i t e  o f  t h e  a p p l i c a t i o n  of  new computa- 

t i o n a l  methods and t h e  widespread use of  computers, t h e  problem of  los ing  newly 

discovered a s t e r o i d s  is  s t i l l  f a r  from solved.  

, - _  ~~ __ - - - _ - ,  _ _ - _ ~  
2An ephemeris i s  a t a b l e  i n  which t h e  p o s i t i o n  of a c e l e s t i a l  body i n  t h e  

firmament is  shown f o r  d i f f e r e n t  t ime per iods.  
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I n  t h e  h i s t o r y  of t h e  s tudy o f  small  p l a n e t s ,  t h e  year  1891 records t h e  

first u s e  of photography i n  t h i s  f i e l d .  The photographic method, suggested by 

Max Wolf, considerably f a c i l i t a t e d  and s i m p l i f i e d  t h e  observat ion of  small 

p l a n e t s .  However, ind iv idua l  astronomers had ear l ier  (e .  g., 1886) successfu l ly  

-applied photography i n  l o c a t i n g  l o s t  a s t e r o i d s .  

Wolf, and o t h e r  i n v e s t i g a t o r s  of  small  p l a n e t s  a f t e r  him, began t o  system- 

a t i c a l l y  photograph t h e  plane of  t h e  e c l i p t i c 3  with t h e  a i d  of short-focus il- 

luminating cameras, as t rographs.  Attached t o  p a r a l l a c t i c  supports  and moved by 

clock mechanisms, t h e s e  cameras reproduced l a r g e  a reas  o f  t h e  sky. 

found on t h e  nega t ive  as  small circles of g r e a t e r  o r  lesser dimensions, while 

an a s t e r o i d  t r a v e l i n g  a g a i n s t  t h e i r  background during t h e  exposure (2-3 hours) 

h e w  a s h o r t ,  bu t  very ev ident ,  s t r e a k  on t h e  negat ive.  Discovery became 

t r a t h e r  easy matter, and t h e r e  was a common temptation, a f te r  t h e  discovery o f  

me a s t e r o i d ,  t o  look h a s t i l y  f o r  o t h e r s  i n  another  p a r t  of t h e  sky. A s  a r e s u l t  

he newly discovered small  p l a n e t  would be recorded on one o r  two photographs 

hich was not  enough t o  determine an exact  o r b i t .  

S t a r s  were 

However, t h i s  drawback d i d  not  prevent  t h e  f u r t h e r  development of t h e  

hotographic method. A s  e a r l y  a s  t h e  f i r s t  f ive-year  per iod (1891-1895) Wolf 

nd Charlois  discovered 90 new a s t e r o i d s  on negat ives--a  r e s u l t  which speaks f o r  

t s e l f .  Photography a l s o  j u s t i f i e d  i t s e l f  i n  t h e  search f o r  l o s t  small  p l a n e t s ,  

iearches which were sometimes crowned with triumph. Now photography i s  used 

riherever new a s t e r o i d s  a r e  sought.  

A t .  t h e  p r e s e n t  t i m e ,  t h e  number of observa tor ies  concerned with small  

p l a n e t  observa t ion  approaches 30. 

p u t a t i o n a l  i n s t i t u t i o n s  s p e c i a l i z i n g  i n  t h i s  f i e l d .  In  Leningrad, Nikolayev, 

Tashkent, Kiev and o t h e r  c i t i e s ,  t h e  job of observing small p l a n e t s  i s  being 

In a d d i t i o n  t o  t h e  ITA t h e r e  are o t h e r  com- 

c a r r i e d  on t o  a s i g n i f i c a n t  degree with t h e  a s s i s t a n c e  o f  

Successful  t e l e v i s i o n  observat ions have been made of some 

t i m e  it was not  eyes t h a t  received t h e  r a d i a t i o n  captured 

a t e l e v i s i o n  tube (or th icon) .  

3The apparent annual pa th  of  t h e  Sun aga ins t  t h e  stars is  
- -  . - -  ._ 

e l e c t r o n i c  computers. 

a s t e r o i d s ,  a t  which 

by t h e  te lescope,  bu t  

. .  

c a l l e d  t h e  e c l i p t i c .  
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Russian and Sovie t  s c i e n t i s t s  have made noteworthy con t r ibu t ions  t o  t h e  

s tudy o f  t h e  small p l a n e t s .  Even a t  t h e  beginning o f  t h e  last century,  V.  K. 

Vishnevskiy i n  Petersburg observed Ceres and Juno. In  t h e  second h a l f  o f  t h e  

century a cons iderable  quan t i ty  of  observa t ions  o f  t h e  small p l ane t s ,  o f  t h e i r  

apparent br ightness  and p o s i t i o n  i n  t h e  firmament, was rece ived  a t  t h e  Moscow 

and o the r  Russian obse rva to r i e s .  The a s t e r o i d  Eros ( t o  r e f i n e  t h e  d i s t ance  from 

t h e  Earth t o  t h e  Sun) was photographed i n  t h e  Tashkent Observatory a t  t he  begin- 

ning o f  t h i s  century.  

Systematic  observa t ions  o f  t h e  a s t e r o i d s  began t o  be made i n  1912 i n  t h e  

ju s t - e s t ab l i shed  Simeis Observatory. 

photography, thus f a c i l i t a t i n g  computation of  o r b i t s  and ephemerides. These i n -  

ves t iga t ions  were continued success fu l ly  i n  t h e  Sovie t  e r a ,  a l s o ,  up t o  1941. 

Many new small p l a n e t s  were discovered,  t h e  f i rs t  of  which, discovered as e a r l y  

as 1913 by G .  N .  Neuman, was given t h e  name 'Simeiz ' .  Among the  d iscover ies  

of a s t e r o i d s  i n  t h e  Sovie t  Union we should mention t h e  small p l ane t  Vladi lena 

(No. 852),  named thus i n  honor of  Vladimir I l y i c h  Lenin. 

Thei r  p o s i t i o n  i n  t h e  sky was f ixed  by 

In add i t ion  t o  t h e  Simeis Observatory, s p e c i a l i z i n g  i n  a s t e r o i d s ,  small 

p l ane t s  have a l s o  been observed i n  almost a l l  t h e  o t h e r  Sovie t  observa tor ies ,  

inc luding  t h e  Pulkovo. P a r a l l e l  with t h e i r  observa t ions  and e l abora t ion ,  

t h e o r e t i c a l  i n v e s t i g a t i o n  o f  t he  problems connected with small p l ane t s  (e.  g. , 
i n  t h e  f i e l d  of  t h e o r e t i c a l  pe r tu rba t ion )  has  been c a r r i e d  ou t  i n  many p laces .  

A s e r i e s  o f  a s t rophys ica l  i nves t iga t ions  of  a s t e r o i d s ,  t h e i r  co lo r  cha rac t e r -  

i s t i c s ,  changes i n  b r igh tness  and so  on, has been s e t  up. The g r e a t e s t  i n -  

ves t iga t ions  o f  small p l ane t s  were c a r r i e d  ou t  by G .  N .  Neumin, S. I .  

Belyavskiy and V .  A.  A l ' b i t s k i y .  

__ /16 

The l i s t  of a s t e r o i d s  discovered i n  t h e  USSR i s  cons t an t ly  being lengthened. 

The approval of  t h e  In t e rna t iona l  Planetary Center i n  1967 confirmed t h e  des ig-  

na t ions  of  t h e  l a s t  t e n  new "Soviet" a s t e r o i d s .  

conta ins  t h e  a s t e r o i d s  Chayka ( i n  honor of  t h e  f i rs t  woman as t ronau t ,  Valent ina 

Nikolayeva-Tereshkova), Volga, Ukraina, Druzhba, Mirnaya and o the r s .  Among 

these  is  t h e  a s t e r o i d  Krao, t h i s  being the  acronym of  t h e  Crimean Astrophysical  

Observatory. In  a l l ,  about 1,700 small p l ane t s  a r e  l i s t e d  i n  cu r ren t  ca t a logs .  

Now t h e  ca t a log  of small p l ane t s  
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In  t h e  last  century symbols were s t i l l  being devised f o r  some o f  them, symbols 

far  less known than those  used t o  i n d i c a t e  t h e  ch ie f  p l a n e t s  o f  t h e  s o l a r  sys-  

t e m .  

METHODS OF STUDYING THE MINOR PLANETS 

Two sources  are used f o r  s tudying  t h e  small p l ane t s - -d i r ec t  astronomical 

observat ion and t h e  d a t a  from labora tory  s tudy of  meteor i tes .  In  a number o f  

cases  combining t h e s e  two methods has  s i g n i f i c a n t l y  f a c i l i t a t e d  s o l u t i o n  of  t h e  

problem. 

Above a l l ,  it is  t h e  purpose o f  as t ronomical  i n v e s t i g a t i o n  t o  determine t h e  

p o s i t i o n  of t h e  a s t e r o i d s  

so lv ing  t h i s  problem with methods o f  cu r ren t  as t rometry,  we ga in  d a t a  indispen-  

s a b l e  f o r  computing t h e  o r b i t  o f  a small p l ane t .  Natura l ly ,  t h e  r e s u l t  is  some- 

t imes not  absolu te ly  p r e c i s e .  The cause of  t h i s  is  not only i n e v i t a b l e  e r r o r s  

i n  measuring instruments  and t h e  eye o f  t h e  observer ,  bu t  a l s o  t h e  d i f f i c u l t y  o f  

computing pe r tu rba t ions  t o  which a s t e r o i d s  a r e  s u b j e c t ,  p a r t i c u l a r l y  i n  regard 

t o  J u p i t e r  and Saturn.  

i n  t h e  s t a r r y  sky as p r e c i s e l y  as poss ib l e .  By 

Refinement o f  o r b i t s  i s  achieved with t h e  method of  success ive  approxima- 

t i o n s .  When a new a s t e r o i d  has  been discovered,  an attempt is made t o  g e t  a 

s u f f i c i e n t  number of observa t ions  t o  compute a prel iminary o r b i t .  La ter  t h i s  

o r b i t  i s  improved by using a maximum number of  observa t ions  r e f e r r i n g  t o  d i f -  

f e r e n t  p a r t s  of  t h e  small p l a n e t ' s  o r b i t .  In computing t h e  improved o r b i t  

cons idera t ion  i s  given t o  t h e  pe r tu rba t ions  i n  t h e  d i r e c t i o n  o f  t h e  l a r g e  p l ane t s ,  

predominantly J u p i t e r  and Saturn.  I t  i s  n a t u r a l  t h a t  t h e  ephemeris, computed 

according t o  t h e  pre l iminary  o r b i t ,  dev ia t e s  t o  a g r e a t e r  o r  l e s s e r  degree from 

t h e  d a t a  of  t h e  new observa t ions .  But t h e  magnitude of  t hese  devia t ions  serve 

p r e c i s e l y  as a b a s i s  f o r  de f in ing  exact  o r b i t s .  

Two methods can be  used t o  determine t h e  p o s i t i o n  o f  an a s t e r o i d  i n  t h e  

sky--apparent and photographic.  The f i r s t  of t hese ,  once t h e  only one, i s  some- 

times used i n  modern p r a c t i c e .  

a micrometer, a t t ached  t o  t h e  r e f r a c t o r  a t  i t s  prime focus,  is used a t  a given 

moment o f  t i m e  t o  measure t h e  d i s t ance  between "guide" s tars  and a s t e r o i d s  and 

t h e  d i f f e rence  i n  t h e i r  coord ina tes  on t h e  c e l e s t i a l  sphere.  

The g i s t  of t h i s  method c o n s i s t s  i n  t h e  fact  t h a t  /18 
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Figure 3.  Astrograph a t  t h e  
S i m e  is  Observatory . 

I n  t h e  f i e l d  of v i s i o n  of t h e  re- 

f r a c t o r ,  equipped with a cross-ha i red  

micrometer, t h e  observer  sees  t h e  guide 

star,  t h e  s tar-shaped small p l a n e t  and 

two threads ,  one immobile and one 

mobile. 

imposed upon t h e  s tar ,  t h e  mobile th read  

is  moved (with t h e  h e l p  of  a drum) u n t i l  

it is  superimposed upon t h e  a s t e r o i d .  

By fol lowing t h e  s c a l e  on t h e  drum, t h e  

observer f i n d s  t h e  d i s t a n c e  between t h e  

s ta r  and t h e  a s t e r o i d  by angulat ion.  

L e t  us no te  t h a t  t h e  micrometer 

With t h e  f i rs t  of  t h e s e  super- 

can a l s o  revolve around t h e  o p t i c a l  

a x i s  o f  t h e  r e f r a c t o r .  For t h i s  purpose 

i t  is equipped with a device c a l l e d  a 

p o s i t i o n a l  r i n g .  According t o  t h e  read- 

ing  on t h e  s c a l e  of t h e  p o s i t i o n a l  r i n g ,  

t h e  observer  determines t h e  p o s i t i o n a l  

angle4 of  t h e  arc of t h e  major c i r c l e  

going through t h e  a s t e r o i d  and t h e  s t a r .  

To sum up, t h e  p o s i t i o n  o f  t h e  a s t e r o i d  becomes known i n  terms o f  t h e  s t a r .  

one knows t h e  coordinates  of t h e  s t a r ,  it is  n o t  d i f f i c u l t  t o  c a l c u l a t e  t h e  

coordinates  of t h e  a s t e r o i d .  

I f  

The v i s u a l  method is  now used as an except ion.  I t  obviously cannot meet 

t h e  competit ion of t h e  photographic method which enjoys a s e r i e s  of  advantages 

from photographic p l a t e s  as opposed t o  t h e  eyes. 

? 'he  p o s i t i o n a l  angle  i n  a given case means t h e  angle  between t h e  a r c  of t h e  
l a r g e  c i r c l e  connecting t h e  s t a r  and t h e  a s t e r o i d  and t h e  c i r c l e  of i n c l i n a t i o n  
passing through t h e  star.  I t  i s  determined from O o  t o  360" counterclockwise 
from t h e  d i r e c t i o n  of t h e  North Pole of t h e  Earth.  
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In the  p a s t  when an observer  discovered an unknown s t a r l e t  i n  t h e  sky, he 

needed no l e s s  than two o r  t h r e e  evenings t o  c l a r i f y  what t h e  ob jec t  might be ,  

a s t e r o i d ,  comet o r  new s ta r .  To f i x  t h e  new a s t e r o i d  with modern high-speed 

cameras r equ i r e s  some 10 t o  20 minutes.  

In add i t ion ,  a l a r g e  a r e a  of  the  sky i s  f ixed  on the  photographic p l a t e  

and, i f  t r a c e s  o f  more small p l a n e t s  a r e  found on i t ,  the  f i l m  records  t h e i r  

movement j u s t  as e a s i l y  as t h e  movement o f  one p l a n e t .  

Every negat ive  i s  an e x c e l l e n t  document. The observer  can make a mistake 

i n  measurements and h i s  eva lua t ion  thus  remains erroneous.  I t  i s  poss ib l e  t o  

r e t u r n  t o  the  nega t ive  t i m e  and again t o  r epea t  a measurement. C e l e s t i a l  

events  are recorded by the  photographic  f i l m  fo reve r  and cases  a r e  not  r a r e  

where ob jec t s  of  i n t e r e s t  have been found on o ld  nega t ives  t ens  of years a f t e r  

ob s e r v a t  i on. 
- /19 

In c o n t r a d i s t i n c t i o n  t o  the  eye, t h e  photographic p l a t e  gradual ly  accumu- 

l a t e s  t h e  l i g h t  energy s t r i k i n g  it  from s ta rs .  I t s  s e n s i t i v i t y  i s  s t r eng th -  

ened by extended exposure ( n a t u r a l l y  wi th in  c e r t a i n  l i m i t s ) .  Therefore ,  the  

longer  t h e  exposure,  t he  b e t t e r  a dim a s t e r o i d  i s  imprinted upon the  nega t ive .  

But even on t h e  b e s t  nega t ives  t h e r e  is  always a chance o f  occas iona l  

d e f e c t s .  Sometimes they a r e  very i n s i d i o u s :  some chance mark  can be taken as 

a small p l a n e t .  In o rde r  t o  prevent  t h i s  a double as t rograph  i s  used, two 

cameras photographing the  s k y  a t  t he  same t ime.  I f  a susp ic ious  ob jec t  i s  

seen on both f i l m s  a t  t he  same t ime,  i t  i s  a r e l i a b l e  s i g n  t h a t  a c e l e s t i a l  

ob jec t  has been imprinted.  

Astrographs,  t e lescopes  s p e c i a l l y  adapted f o r  photographing t h e  sky, a r e  

used f o r  photographic observa t ions  of  a s t e r o i d s .  An astrograph i s  provided with 

a clockwork which gives  it a r o t a t i o n  opposed t o  t h e  r o t a t i o n  of t h e  Earth.  

Pointed toward any spo t  i n  t h e  sky,  t he  as t rograph  w i l l  "look" a t  it f o r  as 

long as des i r ed .  Light from any s t a r  w i l l  f a l l  upon one and the  same spot  of 

t h e  p l a t e  and the  reproduct ion of  t h i s  s t a r  w i l l  look c i r c u l a r .  As tero ids ,  

however, move aga ins t  t h e  background o f  t h e  stars and t h e i r  reproduct ion t akes  

17 



t h e  shape of  a dash. 

a s t e r o i d s ,  is  c a l l e d  the  Wolf method. I t  i s  used i n  photographing b r i g h t  

a s t e r o i d s .  

This ,  t h e  o l d e s t  and s imples t  method of  photographing 

Another method suggested by Metcalf i s  o f t en  used t o  observe small dim 

p lane t s .  

no t  f o r  t h e  as t rograph  t o  move along with the  s ta rs ,  bu t  r a t h e r  with t h e  a s t e r o i d  

t o  be  observed (of which t h e  angular  v e l o c i t y  i s  known). Then t h e  a s t e r o i d  

appears  c i r c u l a r  on t h e  nega t ive ,  while  a l l  t h e  s tars  are represented  by dashes.  

With Metcalf ' s  method exposure can be  extremely long, and t h i s  means t h a t  

The clockwork of t h e  as t rograph  can be  r egu la t ed  i n  the  same way, but  

by accumulating the  r a d i a t i o n  energy o f  t he  a s t e r o i d  t h e  photographic p l a t e  

can r e g i s t e r  very dim o b j e c t s .  However, when Wolf's method i s  used, t h e  

a s t e r o i d ' s  reproduct ion i s  s t r e t c h e d  out  i n  a l i n e  which is  simply impercept ible  

f o r  dim a s t e r o i d s .  

The method suggested by the  famous Sovie t  astronomer S. N .  Blazhko i s  very / 2 0  

o r i g i n a l .  Three exposures a t  i n t e r v a l s  of 5 t o  15 minutes a r e  taken on one and 

t h e  same p l a t e .  

changed a t r i f l e  i n  i n c l i n a t i o n  ( e .g . ,  by one minute of a r c ) .  I t  i s  not  d i f -  

f i c u l t  t o  grasp what t h e  nega t ive  w i l l  show. Every s ta r  w i l l  g ive  t h r e e  

images, with each image being lengthened out i n t o  "chains" p a r a l l e l  t o  one 

another  (Figure 4 ) .  A s  f a r  as t h e  a s t e r o i d  is concerned, it w i l l  a l s o  provide 

t h r e e  images bu t ,  because of  t he  motion of the  a s t e r o i d  i n  r e spec t  t o  t h e  stars, 

the  "chain" of images of t he  small p l ane t  w i l l  d i s t i n g u i s h  i t s e l f  by i t s  un- 

usual  s lope  i n  comparison with a l l  t he  o the r  " s t e l l a r  chains ."  

J u s t  be fo re  each new exposure t h e  photographic p l a t e  is  

A s  we have a l ready  d iscussed ,  a s t e r o i d s  a r e  o b j e c t s  impercept ible  t o  t h e  

naked eye. The b r i g h t e s t  o f  t he  a s t e r o i d s  i s  Vesta. A t  t h e  most favorable  

times, i . e . ,  a t  i t s  maximum approach t o  Earth,  t h i s  small p l ane t  has  a s t e l l a r  

br ightness  o f  6 . 5  s t e l l a r  magnitude (sm.5) and can be  observed with b inocu la r s .  

Not fa r  behind it i n  magnitude are  Ceres (7m.4) , Pallas  (8m.0) and Juno ( 8 m .  7 ) .  

But t he  major i ty  o f  a s t e r o i d s  a r e  ob jec t s  of  t he  13th and 14th magnitudes, 

pe rcep t ib l e  only with moderate te lescopes .  

- / 2 1  
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Figure 4 .  Photograph o f  t h e  
Asteroid Hebe Taken by S .  N .  
Blazhko's Method. 

The most expedient  as t rograph  f o r  

photographing small p l a n e t s  w i l l  be a 

high-speed and, a t  t h e  same t i m e ,  su f -  

f i c i e n t  l y  long-focus as t rograph .  

The ape r tu re  r a t i o 5  guarantees  t h e  

sharpness o f  t h e  image. 

t h e  diameter o f  t h e  ob jec t ive ,  ( for  one 

and t h e  same f o c a l  d i s t ance ) ,  t h e  g rea t -  

e r  pene t r a t ing  power t h e  as t rograph  w i l l  

have, i . e . ,  t h e  b e t t e r  dim o b j e c t s  w i l l  

l eave  t h e i r  images on t h e  nega t ives .  

On the  o the r  hand, t h e  g r e a t e r  t h e  f o c a l  

d i s t ance  of  t h e  ob jec t ive ,  the  g r e a t e r  

w i l l  be the  l i n e a r  dimensions of  t h e  

image. For t h i s  reason the  movements 

of the  a s t e r o i d s  are perceived e a s i e r  

on f i l m s  from long-focus as t rographs  

than on f i l m s  from shor t - focus  cameras. 

The g r e a t e r  

Figure 5 shows t h e  double as t rograph  of t he  Heidelberg (Germany) Observatory a t  

which t h e  f i r s t  photographic observa t ions  of a s t e r o i d s  were c a r r i e d  ou t  as e a r l y  

as 1891. 

J u s t  imagine t h a t  a p r i n t  has  been made and a negat ive  obtained i n  t h e  

labora tory .  I t  i s  f i r s t  given a prel iminary t reatment  f o r  t h e  purpose of 

developing a l l  t h e  images of small p l ane t s  recorded on it .  

d i f f e r e n t  ways, e . g . ,  by a t t e n t i v e l y  examining the  p l a t e  i n  a small microscope 

of  low magnif icat ion.  

This can be done i n  

Af t e r  two negat ives  of one and t h e  same s e c t o r  of s k y  have been taken a t  
nea r ly  t h e  same time, a s tereocomparator  o r  a b l ink  comparator is  usua l ly  used. 

The ope ra t iona l  p r i n c i p l e  o f  t h e  f i r s t  of  t hese  instruments  i s  q u i t e  

simple.  A po r t ion  o f  t h e  s t e l l a r  s k y  imprinted upon two negat ives  taken a t  

. - - .  _ i ; - _  _ Z _ - . _ _ _ _ _ F  . = ~ ~ ~. . . ~ _ -  _ i _ _ _  . _ = i _ _ _ i  . .  

5The square of  t he  r a t i o  o f  i t s  diameter  t o  the  f o c a l  d i s t ance  i s  c a l l e d  
t h e  ape r tu re  r a t i o  of  t h e  l e n s  (or of  t he  l ens  system). 
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d i f f e r e n t  times i s  looked a t  uniformly and t h e  only  d i f f e r e n c e  w i l l  b e  i n  t h e  

p o s i t i o n s  o f  t h e  a s t e r o i d s  f i x e d  on t h e  p l a t e s .  

t h e  b a s i c  p a r t  of t h e  stereocomparator,  t o  superimpose t h e  o p t i c a l  images of  

two negat ives ,  t h e  images of  t h e  stars on it w i l l  fade,  while  t h e  small p l a n e t  

w i l l  appear t o  t h e  observer  as i f  it were hanging i n  space,  because of t h e  

s t e r e o - e f f e c t ,  

If we use t h e  stereomicroscope, 

Figure 5. 
Heidelberg Observatory . 

Double Astrograph o f  t h e  

With t h e  b l i n k  comparator a s p e c i a l  - /22 

b l i n k  microscope introduces two images 

of  t h e  nega t ives  i n t o  one ocular .  

A s p e c i a l  s l i d i n g  screen  makes it pos- 

s i b l e  t o  see one o r  t h e  o t h e r  p l a t e .  

If t h e  screen  i s  moved quickly,  we ge t  

a cur ious  effect :  t h e  image of  t h e  

a s t e r o i d  w i l l  j e r k  i n  t h e  f i e l d  of 

v i s i o n ,  while t h e  images of stars re- 
main motionless .  

When an unknown small p l a n e t  i s  

discovered,  i t s  p o s i t i o n  among t h e  

stars is  recorded on a l a r g e  s c a l e  

s t e l l a r  c h a r t ,  an approximate d e t e r -  

mination of i t s  coordinates  i s  made, 

and t h e  Leningrad I n s t i t u t e  o f  

Theore t ica l  Astronomy is  informed of  

t h e  discovery made. Publ ica t ion  of 

t h e  event i s  made i n  Astronomicheskiy 

TsirkuZyar, put  out  by t h e  Academy of 

& 

Sciences of t h e  USSR, and i n  t h e  publ ica t ions  o f  t h e  Observatory i n  Cincinnat i  

(USA). 

Further  p r e c i s e  t reatment  of t h e  photographs of small  p l a n e t s  includes as 

thorough measurement as  p o s s i b l e  of t h e  p o s i t i o n  of t h e  a s t e r o i d  on t h e  negat ive 

i n  re ference  t o  known s t a r s .  For t h i s  purpose, s p e c i a l  high p r e c i s i o n  measuring 

devices are used. In  a l l  of these  s t r u c t u r a l  v a r i a t i o n s ,  t h e  purpose of t h e  

instruments i s  i d e n t i c a l ,  t o  measure as  exac t ly  as p o s s i b l e  t h e  p o s i t i o n  of t h e  

20 



a s t e r o i d  on t h e  nega t ive  and then  t o  determine i t s  coordinates  a g a i n s t  t h e  

firmament. 

Astrophysical observat ion o f  t h e  small  p l a n e t s  (not  counting evaluat ions 

of t h e i r  apparent br ightness)  have been rare and haphazard up t o  t h i s  t i m e ,  not  

s u b j e c t  t o  any one program. I n  t h e  meantime, observat ions o f  t h e  r e f r a c t i v e  

capac i ty ,  co lor  and spectrum of  a s t e r o i d s  have been p a r t i c u l a r l y  va luable  i n  

revea l ing  t h e i r  physical  p r o p e r t i e s ,  without which it is  impossible t o  expla in  

t h e i r  r e l a t i o n s h i p  t o  t h e  o t h e r  bodies  of t h e  s o l a r  system and t o  s o l v e  t h e  

problem of  t h e i r  o r i g i n .  

Even an eva lua t ion  of t h e  apparent  b r i g h t n e s s  of a s t e r o i d s  can be a source 

of extremely valuable  information.  Although a s t e r o i d s  cannot be d is t inguished  

outwardly from s t a r s  with b inoculars ,  t h e  s implest  determinat ion o f  t h e i r  

apparent br ightness  can be made j u s t  a s  f o r  v a r i a b l e  stars.  

Such observat ions a r e  wi th in  t h e  reach of every amateur astronomer who is  

equipped with b inoculars  o r  a te lescope .  With s u f f i c i e n t  s k i l l  i n  observat ion,  

they have a d e f i n i t e  s c i e n t i f i c  va lue .  More exact  measurement of a s t e r o i d  

br ightness  can be obtained by using s p e c i a l  photometers, such a s  a r e  used f o r  

i n v e s t i g a t i n g  t h e  v a r i a b l e  s t a r s .  

The br ightness  o f  a s t e r o i d s  i s  n o t  cons tan t .  I t  depends, n o t  only on t h e i r  

d i s t a n c e  from t h e  e a r t h ,  bu t  a l s o  on o t h e r  f a c t o r s ,  f o r  example on t h e  r o t a t i o n  

of  t h e  a s t e r o i d  and on i t s  fragmentary form. 

In  v i s u a l  observat ion with t h e  te lescope ,  t h e  eye cannot d i s t i n g u i s h  d i f -  

ferences i n  t h e  co lor  of  a s t e r o i d s .  However, it is  p o s s i b l e  t o  eva lua te  such 

an important c h a r a c t e r i s t i c  as t h e  c o l o r  of  a small  p l a n e t  by using photographs 

(Figure 6 ) .  

As is  known, t h e  eye is  more s e n s i t i v e  t o  yellow and green rays ,  while a 

photographic p l a t e  i s  more s e n s i t i v e  t o  b lue  and v i o l e t .  I t  follows from t h i s  

t h a t  eva lua t ions  o f  s t e l l a r  b r i g h t n e s s  by apparent and photographic observat ions,  

genera l ly  speaking, a r e  perceived d i f f e r e n t l y .  For example, t h e  Irphotographictt 

s t e l l a r  magnitude o f  r e d  stars i s  always less than  t h e  "apparent" s t e l l a r  
magnitude. The e f f e c t  is reversed  f o r  b l u e  stars. 

/24 
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Figure 6.  Photograph o f  an Asteroid Track. 

na ture ,  t h e i r  composition and s t r u c t u r e .  

The d i f f e rence  between 

photographic and apparent 

s t e l l a r  magnitudes i s  c a l l e d  

t h e  co lo r  index of a given 

heavenly body ( f o r  more 

d e t a i l s  s e e  page 4 7 . )  For 

white  o b j e c t s ,  t h e  co lo r  

index is  c l o s e  t o  0,  f o r  

b lue  ones i t  i s  nega t ive ,  

and f o r  yellow, orange and 

red ones it is  p o s i t i v e .  

The co lo r  indexes o f  

a s t e r o i d s  are e s s e n t i a l l y  

d i f f e r e n t ,  and t h i s  circum- 

s t a n c e  i s  undoubtedly 

r e l a t e d  t o  t h e i r  phys ica l  

Even more va luable  information on t h i s  ques t ion  i s  provided by s p e c t r a l  

observat ions.  They were begun as ear ly  as 1874 by Vogel, bu t  t h e i r  l a t e r  use 

was haphazard, from case t o  case.  The reason f o r  t h i s  i s  p a r t i a l l y  t h e  wide- 

spread erroneous b e l i e f  among nonspec ia l i s t s  t h a t  t h e  s p e c t r a  of  a l l  a s t e r o i d s  

a r e  only f a i n t  copies  of  t h e  s o l a r  spectrum. Actua l ly  t h i s  is  not  t h e  case.  

In  a number of  cases  t h e  small p l ane t s  a r e  not  a t  a l l  simple r e f l e c t o r s .  Even 

Vogel no t iced  i n  t h e  spectrum of  Vesta mysterious b r i g h t  l i n e s  o f  r a d i a t i o n .  

is  t r u e  t h a t  t h i s  i s  an except ional  case,  bu t  on many o t h e r  small  p l ane t s  t h e r e  

have been observed o the r  s p e c t r a l  p e c u l i a r i t i e s ,  no t  always understood and not  

even analyzed; w e  s h a l l  speak more of t h i s  below. Spec t r a l  observat ion o f  t he  

a s t e r o i d s  should be  widely adopted and developed, and may prove t o  be  dec i s ive  

i n  so lv ing  a number o f  problems. 

/ 25  - 

I t  

Completely new i n  both form and essence i n  t h e  near  f u t u r e  w i l l  be 

“as t ronaut ic”  observa t ions  of  a s t e r o i d s .  Devices f l y i n g  i n  space and allowed t o  

d r i f t  i n  t h e  region of  t h e  a s t e r o i d  b e l t  could t r ansmi t  va luable  information t o  
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Earth.  For example, space devices  "Mars-1" and "Mariner-4", i n  t h e i r  f l i g h t  t o  

Mars, i n t e r s e c t e d  t h e  o r b i t  and recorded t h e  ex i s t ence  of prev ious ly  unknown 

streams o f  meteors. In  t h e  more d i s t a n t  f u t u r e  it i s  no t  inconceivable  t h a t  t h e  

crew of  a spaceship w i l l  land on t h e  l a r g e r  of t h e  a s t e r o i d s .  

THE MOTION AND ORBITS OF THE ASTEROIDS - - _ _ ~ -  _ _  - 

The apparent displacement o f  a s t e r o i d s  i n  t h e  firmament, j u s t  l i k e  t h e  l a rge  

p l ane t s ,  is  caused by two fac tors - -genuine  movement o f  t h e  small p l ane t  i n  space 

and t h e  o r b i t a l  movement o f  t h e  Earth.  A combination of these  two motions, as 

known, leads t o  p l a n e t s  desc r ib ing  i n t r i c a t e  loops i n  t h e  sky. Their  d i r e c t  

movement--from west t o  east--sometimes r eve r ses ,  and v i c e  versa. The loop- 

forming s h i f t s  o f  t h e  p l a n e t s  are observed dur ing  pcr iods  o f  t h e i r  opposi t ion.  

In t h e  major i ty  o f  cases ,  t h e  apparent  movement o f  t h e  a s t e r o i d s  d i f f e r s  

l i t t l e  from t h e  apparent  movements o f ,  l e t  us  say ,  Mars o r  J u p i t e r .  However, 

t h e r e  are cur ious  except ions.  In  those  cases  where the  o r b i t a l  plane o f  a small 

p l ane t  i s  inc l ined  by a cons iderable  angle  t o  t h e  p lane  of  t h e  t e r r e s t r i a l  

o r b i t ,  t h e  apparent  movement of  an a s t e r o i d  can be  q u i t e  p e c u l i a r .  Such, f o r  

example, i s  t h e  apparent  r o u t e  o f  t h e  a s t e r o i d  Ganymede through t h e  sky. As a 

r u l e ,  t h i s  small p l ane t  can move 10' from t h e  e c l i p t i c ,  and i n  s p e c i a l  cases  /26 
Ganymede has  even passed c l o s e  t o  t h e  pole  of  t he  e c l i p t i c ,  behavior  which is 

impossible f o r  t h e  l a r g e  p l a n e t s .  

A s  s t a t e d  a l ready ,  t h e  method of Gauss permits  t h e  o r b i t  of  a heavenly 

body t o  be ca l cu la t ed  from t h r e e  observa t ions ,  p a r t i c u l a r l y  t h a t  of a small 

p l ane t .  Let us expla in  t h e  main p r i n c i p l e  of  t h i s  method. 

Every e l l i p t i c a l  o r b i t  i s  cha rac t e r i zed  by s i x  magnitudes, named i t s  

elements. The loca t ion  o f  t h e  o r b i t a l  plane o f  a p l ane t  i s  f ixed  by two angles:  

t h e  o r b i t a l  i n c l i n a t i o n  i, i . e . ,  t h e  angle  formed by t h e  o r b i t a l  p lane  o f  t h e  

p l ane t  with t h e  o r b i t a l  p lane  o f  t he  Earth and t h e  longi tude  o f  t he  ascending 

node R,  i . e . ,  t h e  angle  between a l i n e  from t h e  c e n t e r  o f  t h e  Sun t o  t h e  p o s i t i o n  

of  t h e  verna l  equinox y ( the  po in t  i n  t h e  sky where t h e  Sun i s  found about 

21  March) and t h e  l i n e  i n t e r s e c t i n g  t h e  planes o f  t h e  t e r r e s t r i a l  and p l ane ta ry  
o r b i t s .  
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The form and dimensions of  t h e  p lane tary  o r b i t  depend on two o t h e r  

elements--the semi-major a x i s  a and e c c e n t r i c i t y  e. 

i n  i t s  p lane  can b e  found by knowing t h e  d i s t a n c e  o f  p e r i h e l i o n  from t h e  node-- 

angle  w, formed by t h e  l i n e  i n t e r s e c t i n g  t h e  t e r r e s t r i a l  and p lane tary  o r b i t  

with a l i n e  from t h e  c e n t e r  of  t h e  Sun t o  p e r i h e l i o n 6  of  t h e  p lane tary  o r b i t .  

F ina l ly ,  t h e  p o s i t i o n  of  t h e  p l a n e t  on i t s  o r b i t  can b e  known if t h e  moment t h e  

p l a n e t  passes  through p e r i h e l i o n  T i s  known. 

The p o s i t i o n  of t h e  o r b i t  

Every observat ion of  an a s t e r o i d  gives  i t s  angular  coordinates  i n  t h e  sky. 

I t  i s  p o s s i b l e  t o  form t h r e e  equations r e l a t i n g  t h e s e  coordinates  t o  t h e  

o r b i t a l  elements of  a p l a n e t .  However, it i s  i n e v i t a b l e  t h a t  one more unknown 

e n t e r s  t h e s e  equat ions,  t h e  d i s t a n c e  of t h e  p l a n e t  from t h e  Earth.  Consequently, 

one observat ion w i l l  g ive  t h r e e  equations with seven unknowns. 

se rva t ion  produces s t i l l  another unknown--the new d i s t a n c e  between t h e  a s t e r o i d  

and t h e  Earth.  This means i n  sum t h a t  w e  s h a l l  have s i x  equations with e i g h t  

unknowns. F i n a l l y ,  af ter  t h e  t h i r d  observat ion,  w e  g e t  n ine  equations w2th 

n ine  unknowns, i . e . ,  a system which permits  a unique s o l u t i o n .  

The second ob- 

This i s  t h e  t h e o r e t i c a l  s i d e  of Gauss' method. Although a l a r g e  number of 

a t tempts  have been made t o  improve Gauss' method, a l l  have been l imi ted  t o  only 

an improvement i n  d e t a i l ,  while t h e  method remains as  i t  was. 

If  we prescind from r e a l i t y ,  from t h e  extremely complex s i t u a t i o n ,  and - / 2 7  

consider  t h a t  only t h e  g r a v i t y  o f  t h e  Sun a f f e c t s  an a s t e r o i d ,  t h e  a s t e r o i d ' s  

o r b i t  i n  any given case,  as  I saac  Newton has  a l ready  shown, w i l l  be a conic 

sect ion--an e l l i p s e ,  a hyperbola o r  a parabola .  In a c t u a l  f a c t  t h e  a t t r a c t i o n  

of  J u p i t e r ,  Saturn and o t h e r  p lane ts  proves t o  have a s u b s t a n t i a l  inf luence on 

t h e  movement of an a s t e r o i d .  For t h i s  reason t h e  o r b i t  determined by Gauss' 

method i s  e s s e n t i a l l y  only a f i r s t  approximation t o  t h e  real shape of t h e  

p lane tary  o r b i t .  

per turba t ions  on t h e  p a r t  of a possibly l a r g e  number of l a r g e  p l a n e t s .  

n a t u r a l  t h a t  long s e r i e s  of  observat ions,  o f  high q u a l i t y  and l a s t i n g  many years ,  
a r e  required f o r  t h i s  per iod.  

6Per ihe l ion  i s  t h e  poin t  of an o r b i t  c l o s e s t  t o  t h e  Sun, and aphel ion is t h e  
poin t  most d i s t a n t  from t h e  Sun. 

Fur ther  refinement of  t h e  o r b i t  includes cons idera t ion  of  t h e  

I t  i s  

-~-., _ _ ~ _ i i  _ i . .  - - .  . . . ~- ~ ._ -~ _ _  . . -- = -_ = . . 
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In  t h i s  f i e l d  t h e r e  a r e  pecu l i a r  records .  For example, t h e  o r b i t a l  elements 

of Juno were determined by computing t h e  pe r tu rba t ions  of  a l l  t h e  l a r g e  p l ane t s  

(excluding Plu to) .  The o r b i t  was found f o r  Ceres,  t h e  l a r g e s t  of t he  a s t e r o i d s ,  

by tak ing  i n t o  account pe r tu rba t ions  on the  p a r t  o f  Venus, Earth,  Mars, J u p i t e r  

and Saturn.  Considerable improvement i n  t h e  o r b i t s  of many o t h e r  small p l ane t s  

has a l s o  been obtained.  

What a r e  t h e  o r b i t a l  f e a t u r e s  of small  p l ane t s?  How i s  is  poss ib l e  t o  

r ep resen t  t h e  s t r u c t u r e  of t h e  a s t e r o i d  b e l t  o r  r i n g  i n  general  diagrams (Figure 

7 )  ? 

JuDiteI and the Trojans 

Asteroids 

Figure 7.  S t r u c t u r e  of the  Asteroid Ring. 

With r a r e  except ions,  t he  o r b i t s  of t he  a s t e r o i d s  a r e  loca ted  between t h e  

o r b i t s  of Mars and J u p i t e r .  

a semi-major ax i s  r e s t r i c t e d  t o  s t i l l  narrower l imits--from 2.17 t o  3.64  AU 

( l e t  us r e c a l l  t h a t  t h e  semi-major axes of t h e  o r b i t s  o f  Mars and J u p i t e r  a r e  

c lose  t o  1 .5  and 5.2 AU, r e s p e c t i v e l y . )  

Besides t h i s  about 97% of t h e  small p l ane t s  possess  
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The e l l i p t i c a l  o r b i t s  o f  a s t e r o i d s  have d i f f e r e n t  e longat ions  and eccen t r i -  

c i t ies7.  

c i t i e s  less than  0 . 3 3 .  The average va lue  of  e c c e n t r i c i t y  f o r  a l l  o r b i t s  found 

amounts t o  0.15. Consequently, although t h e  o r b i t s  o f  a s t e r o i d s  a r e  more 

elongated than t h e  o r b i t s  of t h e  major p l a n e t s ,  t h e  major i ty  o f  a s t e r o i d s  re- 

volve i n  o r b i t s  which a r e  not  fa r  from c i r c u l a r .  I t  i s  s u r p r i s i n g  t h a t  t h e  

smaller t h e  a s t e r o i d ,  t h e  more elongated i t s  o r b i t ,  a r e g u l a r i t y  t o  which w e  

s h a l l  r e t u r n  l a t e r .  

For example, 98.7% of  t h e  o r b i t s  o f  known a s t e r o i d s  possess  e c c e n t r i -  

A l l  o f  t h e  major p l ane t s ,  as i s  known, move i n  almost a s i n g l e  plane.  Only 

Mercury and Plu to  have an o r b i t a l  i n c l i n a t i o n  i equal t o  7 and 17",  r e spec t ive ly .  

In  t h i s  r e spec t ,  t h e  o r b i t s  of  a s t e r o i d s  possess  an i n t e r e s t i n g  p e c u l i a r i t y .  

Even t h e  mean va lue  o f  t h e i r  o r b i t a l  i n c l i n a t i o n  exceeds 9". In  s p e c i a l  cases ,  

such as t h e  a s t e r o i d  Hidalgo (Figure 8), i n c l i n a t i o n  reaches 42".  Even i n  such 

an important a s t e r o i d  as Pallas, o r b i t a l  i n c l i n a t i o n  is  c l o s e  t o  35". 

we can draw the  conclusion t h a t  t h e  a s t e r o i d  b e l t  i s  " f la t tened"  i n t o  one p lane  

t o  a far  l e s s e r  degree than  t h e  o r b i t s  of  t h e  major p l ane t s .  

From t h i s  

Saturn 

Figure 8. Orbi t  of  t h e  Asteroid 
Hidalgo. 

/28 

The o r b i t s  o f  a s t e r o i d s  a r e  unevenly /29 - 
d i s t r i b u t e d  i n  space.  

i s  by no means continuous.  Observations o f  

it show ho les  and gaps, t o  which a t t e n t i o n  

was f irst  c a l l e d  by D .  Kirkwood i n  1866. 

The gaps are loca ted  i n  very d e f i n i t e  

por t ions  o f  i n t e r p l a n e t a r y  space,  namely 

a t  t h e  spo t  where condi t ions  are met f o r  

so-ca l led  commensurability. 

The a s t e r o i d  b e l t  

mined by t h e  equat ion 
k" 

a s/1 n = - ,  

Let n b e  t h e  mean d a i l y  movement o f  a 

small p l a n e t .  This magnitude can be  d e t e r -  

- ~ ~ - -  - ~ 
__ - 

7The r a t i o  o f  t h e  d i s t ances  between t h e  foca l  po in t s  of  an e l l i p s e  t o  t h e  length 
of i t s  semi-major a x i s  i s  c a l l e d  an e c c e n t r i c i t y  o f  t h e  e l l i p s e .  The more 
elongated t h e  e l l i p s e ,  t h e  g r e a t e r  t h e  e c c e n t r i c i t y .  
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where a is  t h e  semi-major a x i s  of t h e  a s t e r o i d  o r b i t  and k" i s  some cons tan t  

expressed i n  seconds of  an a r c .  

p lane ts  and of t h e  a s t e r o i d ,  expressed a s  a simple f r a c t i o n ,  i s  c a l l e d  commensur- 

a b i l i t y .  

t h e  mean motion of  t h e  a s t e r o i d ,  commensurability i s  nl/n = p/q, where t h e  r a t i o  

of t h e  two r e c i p r o c a l  whole numbers is  found on t h e  r i g h t  s i d e  of  t h e  equat ion.  

The r a t i o  of mean motion of t h e  per turb ing  

In o t h e r  words, i f  nl i s  t h e  mean motion, e .g . ,  of J u p i t e r ,  and n is  

As a r u l e ,  gaps i n  t h e  a s t e r o i d  b e l t  are found i n  those p laces  where ( f o r  

corresponding a )  commensurability of d a i l y  motion of a s t e r o i d s  and J u p i t e r  o r  

Mars i s  observed. I t  can b e  shown t h a t  i n  t h e s e  areas of  space per turba t ions  

become very s t r o n g  and t h e s e  per turba t ions  f i n a l l y  p u l l  t h e  a s t e r o i d  i n t o  more 

"peacefulIt zones. Observations show t h a t  i n  those p a r t s  of  t h e  a s t e r o i d  b e l t ,  

where commensurability with J u p i t e r  equals ,  e .g . ,  1 / 2 ,  1/3, 2 / 7 ,  5/11, e tc . ,  t h e r e / 3 0  

r e a l l y  a r e  v a s t  and n o t i c e a b l e  gaps. There is  even one gap generated by Mars. 

I t  corresponds t o  a commensurability o f  2 /1 .  I t  i s  p o s s i b l e  t o  d i s t i n g u i s h  

seven r i n g s  i n  t h e  a s t e r o i d  b e l t ,  d i s t inguished  by t a n g i b l e  gaps. 

However, t h e r e  a r e  not  gaps f o r  a l l  commensurabili t ies.  With an increase  

i n  t h e  number of a s t e r o i d s  discovered, t h e  number of gaps is  gradual ly  f i l l e d .  

On t h e  o t h e r  hand, i n s t e a d  of gaps t h e r e  a r e  aggregat ions of  a s t e r o i d  o r b i t s  i n  

some commensurabili t ies with J u p i t e r  (e .g . ,  2 / 3 ) .  

The most complete s tudy  of gaps was c a r r i e d  out  by t h e  famous Japanese 

i n v e s t i g a t o r  o f  a s t e r o i d s ,  K .  Hirayama. Assuming t h a t  t h e  a s t e r o i d s  move i n  some 

r e s i s t a n t  medium (a cloud of small  fragments of cons tan t ly  d i s i n t e g r a t i n g  

a s t e r o i d s ) ,  Hirayama was a b l e  t o  expla in  i n  theory t h e  ex is tence  of both gaps 

and aggregat ions.  

Among t h e  more than  1,500 a s t e r o i d s  known a t  t h e  present  t i m e  t h e r e  a r e  

sometimes found p a i r s  with almost i d e n t i c a l  o r b i t a l  elements. Such a r e  t h e  

a s t e r o i d s  Ingr ida  and Azaliya,  Lobeliya and Kapanula, Juno and Cloto. 

Some groups of  a s t e r o i d s  with c l o s e  o r b i t a l  elements a r e  more numerous. 

The Trojan group, important a s t e r o i d s  revolving around t h e  Sun i n  almost t h e  

o r b i t  of J u p i t e r  ( they w i l l  be  discussed i n  more d e t a i l  l a t e r ) ,  c o n s i s t s  of 

15 small p l a n e t s .  
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The compact group of  a s t e r o i d s  o f  t h e  Hi lda  type is i n t e r e s t i n g .  I t  i n -  
c ludes 19 small p l a n e t s  having almost i d e n t i c a l  o r b i t s  and almost borders  t h e  

a s t e r o i d  b e l t  on t h e  outs ide .  

Hirayama introduced t h e  concept o f  l l a s t e r o i d  family", an a s s o c i a t i o n  of 

small p l a n e t s  of  common o r i g i n .  

used t h e  s o - c a l l e d  f e a t u r e s  of o r b i t a l  elements, i . e . ,  those  elements whose 

magnitude does not  change during t h e  movement of  t h e  a s t e r o i d s  independently o f  

per turba t ions  on t h e  p a r t  o f  o t h e r  p l a n e t s .  If a s t e r o i d s  belong t o  one family,  

they must have s i m i l a r  f e a t u r e s  i n  t h e i r  elements.  

I n  o r d e r  t o  p i c k  out  such fami l ies ,  Hirayama 

Let us expla in  Hirayama's concept with a s impl . i f ied example. Imagine t h a t  

a l a r g e  a s t e r o i d  has  broken up i n t o  a series of  fragments (e .g . ,  from c o l l i s i o n  

with o t h e r  a s t e r o i d s ) .  I n  t h i s  case t h e  o r b i t s  o f  t h e  fragments w i l l  be d i s -  

t inguished by one remarkable q u a l i t y :  they w i l l  a l l  pass  through t h e  poin t  where /31 

t h e  a s t e r o i d  exploded, forming a c l a s s  o f  e l l i p s e s .  This f e a t u r e  leads t o  t h e  

conclusion t h a t  t h e  c u r r e n t l y  e x i s t i n g  fragments once composed a s i n g l e  e n t i t y .  

- 

In  a c t u a l i t y  everything is  more complex. Per turba t ions  on t h e  p a r t  o f  

J u p i t e r  and o t h e r  p l a n e t s  eventual ly  des t roy  t h e  c l a s s e s  of  o r b i t s ,  and t h e  traces 

of t h e  c a t a s t r o p h i c  explosion of t h e  l a r g e  body i n t o  small  fragments 

"d is in tegra te"  with time, become l o s t  and a r e  d i f f i c u l t  t o  f ind .  

Nevertheless,  Hirayama succeeded i n  r e l i a b l y  poin t ing  out  f i v e  a s t e r o i d  

families with almost i d e n t i c a l  f e a t u r e s  i n  t h e i r  elements. Later ,  i n  1925, t h e  

Soviet  i n v e s t i g a t o r ,  N .  M. Shtaude separa ted  15 more f a m i l i e s ,  n a t u r a l l y  l e s s  

c l e a r l y  marked. 

G.  F. Sultanov and o t h e r  i n v e s t i g a t o r s  made successfu l  a t tempts  a t  d i s -  

t inguish ing  t h e  f a m i l i e s  of  small  p l a n e t s ,  no t  according t o  t h e  s i m i l a r i t y  of 

t h e  f e a t u r e s  of t h e i r  elements, but  according t o  o t h e r  parameters.  

turned out  t o  be s i m i l a r  t o  those obtained by Hirayama. 

The r e s u l t s  

A l l  of  t h i s  can lead t o  t h e  conclusion t h a t  groups and families of  a s t e r o i d s  

a r e  obviously products o f  t h e  d i s i n t e g r a t i o n  of some l a r g e r ,  a n c e s t r a l  bodies .  

The number of a s t e r o i d s  i n  t h e  present  e r a  is so  g r e a t  t h a t  c o l l i s i o n s  between 

them a r e  not  only p o s s i b l e  but  ev ident ly  occur cons tan t ly  during t h e  evolu t ion  

of  t h e  a s t e r o i d  b e l t .  I t  i s  not  an  exaggeration t o  say t h a t  t h e  a s t e r o i d  
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zone i s  a zone of  gradual mechanical d i s i n t e g r a t i o n  and degradat ion of  celest ia l  
bodies .  Reciprocal c o l l i s i o n s  of a s t e r o i d s  l e a d  t o  t h e i r  degenerat ion,  t o  an  

accumulation of a powdery r e s i s t a n t  medium i n  t h e  a s t e r o i d  b e l t  composed of 

smaller fragments of  gradual ly  d i s i n t e g r a t i n g  a s t e r o i d s .  

IMPORTANT ASTEROIDS 

Exceptions, as known, do not  only prove t h e  r u l e  b u t  a l s o  a t t rac t  a t t e n t i o n  

t o  themselves. Those a s t e r o i d s  which have unusual o r b i t s ,  i .e . ,  which are 
d is t inguished  from t h e  overwhelming majori ty  of  small p l a n e t s  by t h i s  t r a i t ,  a r e  

considered important (a term which n a t u r a l l y  has  no claim t o  being o f f i c i a l ) .  

We s h a l l  acquaint  t h e  reader  with only a few of t h e  important a s t e r o i d s .  

The Troians 

Let us assume t h a t  a t  some t i m e  we knew t h e  p o s i t i o n  o f  t h r e e  bodies  i n  

space and t h e i r  i n i t i a l  v e l o c i t y .  We s h a l l  consider  these  bodies  as m a t e r i a l  

po in ts ,  i. e . ,  w e  s h a l l  d i s regard  t h e i r  dimensions i n  comparing d is tances  between 

them. Considering t h e  f a c t  t h a t  r e c i p r o c a l  a t t r a c t i o n  e x i s t s  among these  t h r e e  

mater ia l  p o i n t s ,  we s h a l l  f i n d  t h e  t r a j e c t o r y ,  v e l o c i t y  and a c c e l e r a t i o n  of a l l  

t h r e e  bodies f o r  any moment o f  time. 

The formulation of t h e  problem i n  t h i s  way has been given t h e  name the  
three-body probZem i n  c e l e s t i a l  mechanics. In 1912 K. Sundman, an out- 

s tanding Finnish mathematician, solved t h i s  problem i n  a general  way. 

h i s  s o l u t i o n  has only purely t h e o r e t i c a l  i n t e r e s t .  The coordinates  of  t h r e e  

bodies i n  Sundman's s o l u t i o n  are represented as a s e r i e s  ("of i n f i n i t e  sums"), 

very complex and d i f f i c u l t  t o  use i n  c a l c u l a t i o n .  For example, i n  order  t o  

compute t h e  coordinates  of bodies f o r  two months i n  t h e  f u t u r e  with a p r e c i s i o n  

o f  10% ( f o r  t h e  sake of  s i m p l i c i t y  l e t  us assume t h a t  t h e  masses of  t h e  t h r e e  

bodies and t h e  mutual d i s t a n c e s  between them a r e  equal ) ,  it i s  a b s o l u t e l y  neces- 

sa ry  t o  take  a number g r e a t e r  t h a n  1080,000 f o r  t h e  members of  t h e  s e r i e s .  

However, 

An exact  and r e l a t i v e l y  simple s o l u t i o n  of  t h e  problem o f  t h r e e  bodies  was 
found by t h e  eminent French mathematician, J. Lagrange as  e a r l y  as t h e  end of 
t h e  18th century,  although only f o r  some s p e c i a l  cases. 
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Let us  imagine t h a t  one body revolves  around another  i n  a c i rc le .  As  

Lagrange showed, t h e r e  are c e r t a i n  pos i t i ons  o f  t h e  t h i r d  body a t  which t h e  

mutual arrangement o f  a1 1 t h r e e  bodies dur ing  movement remains unchanged. 

Let t h e  f i r s t  body be  t h e  Sun and t h e  second a p l a n e t  revolving around t h e  

Sun i n  a c i r c u l a r  o r b i t .  The po in t s  a t  which a t h i r d  body maintains a r ec ip roca l  

arrangement i n  r e l a t i o n  t o  t h e  o the r  two bodies  are c a l l e d  l i b r a t i o n  po in t s .  

3' The f irst  t h r e e  of  t hese ,  so -ca l l ed  co l inea r  l i b r a t i o n  po in t s  L1, L2 and L 

spread along a s t r a i g h t  l i n e ,  pass through t h e  Sun and t h e  p l ane t .  Their  ar- 
rangement on t h i s  l i n e  n a t u r a l l y  depends upon t h e  masses o f  t h e  f irst  two bodies  

and t h e  d i s t ance  between them. I f  a t h i r d  body is  loca ted  a t  any o f  t hese  

po in t s ,  t h e  e n t i r e  system, made up of  t h r e e  bodies ,  w i l l  r o t a t e  as a s i n g l e  

body ( j u s t  as i f  you were t o  r o t a t e  a p i c t u r e  around a p o i n t ) .  However, research  

has  shown t h a t  t h e  i s  

uns tab le .  If t h i s  body even very s l i g h t l y ,  no matter how small t h e  d i s t ance ,  

leaves t h e  c o l i n e a r  l i b r a t i o n  po in t s ,  it can never r e t u r n  but  must abandon t h i s  

area o f  space fo reve r .  

e x i s t s  i n  na tu re .  

l oca t ion  of  t h e  t h i r d  body on c o l i n e a r  l i b r a t i o n  poin ts  /33 

Therefore  i t  i s  not s u r p r i s i n g  t h a t  a "Lagrange case" 

Tr iangular  l i b r a t i o n  po in t s  L and L have an incomparably g r e a t e r  p r a c t i c a l  4 5 
importance. With t h e  Sun and t h e  p l ane t ,  they form t h e  apexes of  two equi-  

l a t e r a l  t r i a n g l e s  tu rn ing  toge ther  as a s i n g l e  e n t i t y  dur ing  movement. I t  i s  

s u r p r i s i n g  t h a t  motion near  t hese  po in t s  is  s t a b l e ,  as thoroughly subs t an t i a t ed  

i n  t h e  work of  V .  I .  Arnold8 and o the r  r e sea rche r s .  In  o the r  words, i f  it is  

pu l l ed  from t h e  t r i a n g u l a r  l i b r a t i o n  po in t s ,  under c e r t a i n  i n i t i a l  condi t ions  

the  t h i r d  body can again r e t u r n  t o  i t s  o r i g i n a l  p o s i t i o n .  (e .g . ,  i f  i ts  ve loc i ty  

is  not  excess ive) .  

In  1907, t h e  a s t e r o i d  Achi l les  (No. 588) was discovered revolving around 

the  Sun almost i n  J u p i t e r ' s  o r b i t .  More exac t ly ,  i t  i s  always found c lose  t o  

poin t  L4 i n  t h e  Sun-Jupi ter  system. 

which demonstrated one of t h e  "Lagrange cases" i n  n a t u r e  i t s e l f .  

given names of  heroes  o f  t h e  Trojan War, and t h e r e f o r e  i n  astronomical 

l i t e r a t u r e  these  important a s t e r o i d s  a r e  c a l l e d  t h e  Trojans (Figure 9 ) .  

Later ,  o t h e r  small p l ane t s  were discovered 

They were a l l  

. ... - . - -. . . .. - ~.~ ~ = __ _ _  ~ - _.---. . i .  - .  ~ . . ... -~ ~ . .  
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Jupiter 

F i f t e e n  of  them are known. Ten of 

them (Achi l les ,  Hector, Nestor, 
"The Trojans" Agamemnon, Odysseus , and o t h e r s )  move 

i n  f r o n t  of  J u p i t e r ,  leaving it behind 

a t  a longi tude  of  60".  

(Patroclus ,  P r i m ,  Eneas, Anchises, 

Tro i lus )  follow J u p i t e r  and remain i n  

t h e  v i c i n i t y  of  p o i n t  L 

t h e  f i rs t  t e n  of  t h e  a s t e r o i d s  mention- 

ed b e a r  t h e  names of heroes of  t h e  

Greek Army and t h e r e f o r e  a r e  sometimes 

c a l l e d  "The Greeks" ( i n  c o n t r a d i s t i n c -  

t i o n  t o  t h e  r e a l  "Trojans" following 

The f i v e  o t h e r s  

Properly 5' 

Figure 9. The Trojan Asteroid 
Groups. J u p i t e r ) .  However, t h i s  amusing d i s -  

t i n c t i o n  does not enjoy general  acceptance.  

Not a s i n g l e  one o f  t h e  Trojans is  exac t ly  a t  one o f  t h e  t r i a n g u l a r  

l i b r a t i o n  p o i n t s .  

c i r c l e ,  but  an e l l i p s e  with e c c e n t r i c i t i e s  amounting t o  0.05. A conjunction of  

On t h e  o t h e r  hand, t h e  o r b i t  of J u p i t e r  is not  an i d e a l  

t h e s e  two f a c t o r s  leads  t o  t h e  f a c t  t h a t  each o f  t h e  Trojans carries out  i t s  - / 34 
complex, p e r i o d i c a l  motion around l i b r a t i o n  p o i n t s  L4 and L 

revolving around t h e  Sun. 
t h e  l i b r a t i o n  p o i n t s ,  e .g . ,  Anchises t o  28" and Diomedes even t o  40" ( i n  longi-  

tude) !  Even t h e  minimum d i s t a n c e  of t h e  Trojans from t h e  l i b r a t i o n  p o i n t s  i s  

'never l e s s  than 5".  

while simultaneously 5 
Some of t h e  Trojans sometimes wander q u i t e  f a r  from 

The Trojans a r e  major a s t e r o i d s .  The l a r g e s t  of them, Pa t roc lus ,  has  a 
diameter of  272 km. Shor t ly  behind it  comes Hector (diameter 216 km), with e i g h t  

more Trojans having diameters  g r e a t e r  than 100 km. 

I t  i s  curious t h a t  t h e  Trojans are n o t  a unique n a t u r a l  i l l u s t r a t i o n  of t h e  

p a r t i c u l a r  case of t h e  problem of t h r e e  bodies .  In  1959 t h e  Pol i sh  astronomer 

Kordylewski observed ex tens ive  clouds o f  small cosmic d u s t  near  t h e  t r i a n g u l a r  

l i b r a t i o n  p o i n t s  of  t h e  Earth-Moon system. Only on very clear dark n i g h t s  and 

under favorable  moon condition's were these  clouds of  Kordylewski a b i e  t o  b e  

31 



observed as d i f f u s e  dim patches.  

of i n t e r p l a n e t a r y  cosmic dus t ,  imprisoned i n  s t a b l e  o r b i t s  by t h e  j o i n t  at trac- 
t i o n  of t h e  Earth and of  t h e  Moon, p lay  t h e  p a r t  o f  t h e  Trojans here .  

I t  i s  obvious t h a t  thousands o f  small p a r t i c l e s  

Eros - /35 

Even long before  t h e  discovery of  t h e  Trojans,  13 August 1898, an unusual 

Judging from t h e  negat ive,  t h i s  a s t e r o i d  was observed i n  t h e  Berl in  Observatory. 

small p l a n e t  passed through a celest ia l  pa th  each day equal t o  t h e  apparent 

diameter of t h e  Moon. 

end of  t h e  l as t  century t h i s  case was very except ional .  

We now know of  far  more s t r i k i n g  examples, b u t  a t  t h e  

When t h e  o r b i t  o f  Eros (as they named t h e  unusual a s t e r o i d )  .was c a l c u l a t e d ,  

it seemed t h a t  i t s  l a r g e r  p a r t  was loca ted  wi th in  t h e  o r b i t  o f  Mars. I ts  pos i -  

t i o n  a t  p e r i h e l i o n  was found equal t o  1.13 AU, and at  aphel ion t o  1.78 AU, 

and i t s  o r b i t a l  i n c l i n a t i o n  c l o s e  t o  11'. 

More s t r i k i n g  was t h e  fact t h a t  during maximum approach of  Eros t o  Earth 

t h e  d i s t a n c e  between t h e s e  two c e l e s t i a l  bodies was reduced t o  23,300,000 km. 

In  o t h e r  words, Eros became t h e  c l o s e s t  c e l e s t i a l  body t o  t h e  Earth,  a f t e r  t h e  

Moon. 

The t tyear t t  o f  Eros extends f o r  1.76 e a r t h  years .  I t  can be ca lcu la ted  t h a t  

g r e a t  opposi t ions o f  Eros ( i . e . ,  i t s  c l o s e s t  approaches t o  Earth) are repeated 

i n  37 and 44 years .  When one of  t h e s e  took p l a c e  i n  1931, Eros approached t h e  

Earth t o  a d i s t a n c e  of 26,000,000 km, an event which was not  only i n t e r e s t i n g  

but  a l s o  u s e f u l .  We s h a l l  explain l a t e r  what we mean here .  

As is  known, t h e  r e l a t i v e  d is tances  of  p l a n e t s  from t h e  Sun ( i . e . ,  t h e  

r a t i o s  of  t h e  semi-major axes of  t h e  p lane tary  o r b i t s  t o  t h e  semi-major a x i s  

o f  t h e  E a r t h ' s  o r b i t )  can be obtained d i r e c t l y  from observat ion.  Imagine, f o r  

example, t h e  opposi t ion of  Mars. I t  takes  p lace  when Mars culminates a t  l o c a l  

midnight, a fact found by observat ion.  For a month t h e  r e c i p r o c a l  d i s p o s i t i o n  

of t h e  Sun, Earth and Mars changes. Instead of  being arranged on a s i n g l e  

s t r a i g h t  l i n e ,  they now form t h e  apexes of  some kind of t r i a n g l e .  

angle a t  t h e  Sun i s  known, equal t o  t h e  d i f f e r e n c e s  i n  arc passing through t h e  

Here t h e  
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Moon and Mars a long t h e i r  o r b i t s . ( w e  s h a l l  consider  them c i r c u l a r  f o r  t h e  sake 

of s i m p l i c i t y ) .  

t h e  Earth and t h e  p l a n e t s  der ived from observat ion.  

The arcs are e a s i l y  determined by t h e  r o t a t i o n a l  per iods  o f  

The angle  a t  t h e  Earth between a l i n e  t o  t h e  Sun and a l i n e  t o  Mars i s  

c a l l e d  elongat ion,  and it i s  found according t o  t h e  p o s i t i o n  of  t h e  Sun and 

Mars i n  t h e  sky. 

known, and t h i s  means (according t o  t h e  theorem of s i n e s ) ,  t h a t  t h e  r a t i o  o f  

t h e  r a d i i  o f  t h e  o r b i t s  of  Earth and Mars can be found: 

I n  t h i s  way, by looking a t  t h e  t r i a n g l e ,  a l l  anglesg are - / 36 

MS - s i n  L MES 
ES s i n  L EMS a 

- -  

This f a c t  is  extremely noteworthy. I t  explains  how Kepler was a b l e  t o  

formulate h i s  t h i r d  l a w  o f  p l a n e t a r y  motion by jo in ing  t h e  d i s t a n c e s  of  t h e  

p lane ts  from t h e  Sun with t h e i r  per iods of  revolu t ion ,  without knowing what 

these  d is tances  were. This a l l  depends upon t h e  f a c t  t h a t  i n  Kepler ' s  t h i r d  

1 aw 

( the  squares of  t h e  times of  p lane tary  revolu t ion  around t h e  Sun a r e  propor t iona l  

t o  t h e  cubes of t h e i r  d i s t a n c e s  from i t ) ,  t h e  absolu te  d is tances  o f  t h e  p l a n e t s  

do not  play a p a r t  ( they were first measured i n  t h e  19th century) ,  b u t  r a t h e r  

t h e  r a t i o  of t h e s e  d i s t a n c e s .  This means t h a t  Kepler knew, so t o  say,  t h e  pro- 

por t ions  of  t h e  p l a n e t a r y  o r b i t s  and he was a b l e  t o  c o r r e c t l y  i l l u s t r a t e  them 

i n  a diagram, but  without i n d i c a t i n g  t h e i r  scale. 

I t  follows from t h i s  t h a t  i f  t h e  d i s t a n c e  of  any p lane t  t o  t h e  Sun can be 

measured, t h e  "scale u n i t "  w i l l  b e  found and a l l  o t h e r  d i s t a n c e s  i n  t h e  s o l a r  

system can be obtained as t h e  sum of  simple computations. 

The approach of Eros t o  t h e  Earth is an e x c e l l e n t  opportuni ty  f o r  so lv ing  

t h i s  problem. By observing Eros from d i f f e r e n t  observa tor ies ,  q u i t e  far  removed 

gThe apex o f  the t r i a n g l e  coinciding with t h e  Sun is  designated by t h e  l e t t e r  
S, with t h e  Earth by E,  and Mars by M. 
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from one another,  a t  one and t h e  same moment of t i m e ,  it w i l l  b e  p o s s i b l e  t o  

measure i t s  apparent displacement on t h e  background o f  t h e  s t e l l a r  sky. The 

s t a r r y  appearance of  Eros w i l l  favor  a h ighly  exac t  measurement. 

ing  t h e  d i s t a n c e  from Eros t o  t h e  Earth,  it w i l l  b e  p o s s i b l e  t o  r e f i n e  t h e  

magnitude o f  t h e  astronomical u n i t ,  t h e  mean d i s t a n c e  from t h e  Earth t o  t h e  

Sun, t h e  main "sca le  u n i t "  i n  astronomy. 

By determin- 

Eros was t h e  f irst  o f  t h e  small  p l a n e t s  whose observat ion helped tangib ly  

i n  r e f i n i n g  t h e  magnitude of t h e  astronomical u n i t .  Later ,  o t h e r  

a s t e r o i d s  passing by t h e  Earth were a l s o  used f o r  t h i s  purpose. 

time, a l l  of t h e s e  means have become ant iqua ted  and have given way t o  t h e  

method of  r a d i o  l o c a t i o n  f o r  determining d i s t a n c e s  from p l a n e t s .  

A t  t h e  present  

An unusual o s c i l l a t i o n  i n  br ightness  a l s o  a t t r a c t e d  a t t e n t i o n  t o  Eros. /37 
F i r s t  no t iced  i n  1901, t h e s e  o s c i l l a t i o n s  have been t h e  o b j e c t  of s tudy of  a 

number of  astronomers. To a l l  appearances they a r e  r e l a t e d  t o  t h e  physical  

na ture  of  Eros, b u t  t h e  p e c u l i a r i t i e s  o f  i t s  shape and s t r u c t u r e  a r e  not y e t  

f u l l y  c l a r i f i e d .  

The a s t e r o i d  named GanymedelO was f i r s t  observed 23 October 1924 a t  t h e  

Bergerdorf Observatory. 

(9.5 s t e l l a r  magnitude) and an unusually rap id  apparent movement d is t inguished  

t h i s  small  p l a n e t  from o t h e r s .  I ts  d i r e c t i o n  of  movement, d i r e c t l y  from e a s t  

t o  west,  i n  c o n t r a s t  t o  re t rograde  motion, which t h e  major i ty  of  a s t e r o i d s  have, 

was almost unique. By i t s  e c c e n t r i c i t y  (0.542)  and i n c l i n a t i o n  (about 26') 

t h e  o r b i t  of Ganymede was reminiscent  of t h e  o r b i t  o f  a comet with a s h o r t  

per iod (Figure 10).  

A remarkably apparent b r i g h t n e s s  upon discovery 

- /38 

Two o t h e r  as te ro ids- -Alber t  and Alinda--are known t o  have o r b i t s  with 

similar c h a r a c t e r i s t i c s .  I t  i s  noteworthy t h a t  they  can pass  comparatively 

c lose  t o  t h e  Earth,  e .g .  , i n  1924 t h e  minimum d i s t a n c e  between Ganymede 

and t h e  Earth amounted t o  0 . 5  AU. However, i n  t h i s  connection t h e r e  

l o n e  l a r g e s t  o f  J u p i t e r ' s  sa te l l i t es  a l s o  bears  t h e  name Ganymede. 
~- ._ 
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are s t i l l  more remarkable a s t e r o i d s .  

Ganymede type  is  t h e  extreme e longat ion  of  t h e i r  o r b i t ,  "comet-like". 

The main proper ty  o f  small p l ane t s  of t h e  

Hida 1 eo 

This unique a s t e r o i d ,  d i s -  

covered i n  October 1920, has  two 

except ional  q u a l i t i e s  : t h e  semi- 

-major ax i s  o f  i t s  o r b i t  is  5.8 

AU, and i t s  o r b i t a l  i n c l i n a t i o n  

is  about 42". 

compared with t h e  o the r  small 

p l ane t s ,  t h e  a s t e r o i d  Hidalgo 

revolves  around t h e  Sun i n  t h e  

o r b i t  which is l a r g e s t  and most 

. ' .  "incl ined" toward t h e  e c l i p t i c .  

In  o t h e r  words, 

. 

* .  I f  t h i s  angle  of  i n c l i n a t i o n  were 

c l o s e  t o  zero,  Hidalgo would ap- 

proach Saturn;  because of  i t s  

Figure 10. Orbi t s  o f  Some Important g r e a t  e c c e n t r i c i t y  (0.66) t h e  
Aster iods.  d i s t ance  o f  Hidalgo from t h e  Sun 

v a r i e s  from 1.9 t o  9.7 AU! How- 

ever ,  thanks t o  t h e  cons iderable  i n c l i n a t i o n  of  i t s  o r b i t ,  t h e  minimum d i s t ance  

from Hidalgo t o  Saturn i s  never l e s s  than 5 .7  AU. I t  i s  a mat te r  of  c u r i o s i t y  

t h a t  Hidalgo's "year" equals  13.7 t e r r e s t r i a l  yea r s ,  t h e  only such case  we 

know o f  among t h e  a s t e r o i d s .  

I t  is  assumed t h a t  around t h e  year  1130 Hidalgo came q u i t e  c lose  t o  J u p i t e r  

which sharp ly  changed i t s  o r i g i n a l  o r b i t  because o f  i t s  powerful a t t r a c t i o n .  

However, what t h e  o r b i t  could have been is  not c l e a r  i n  i t s  d e t a i l s .  

Amor, Apollo, Adonis .~ and Hermes 
. . ._._ 

A l l  o f  t h e s e  small p l a n e t s  a r e  un i t ed  by one f e a t u r e :  i n  t h e i r  f l i g h t  

around t h e  Sun they can sometimes approach q u i t e  c lose ly  t o  t h e  o r b i t  of  Earth.  

In  f a c t ,  it was t h i s  s i t u a t i o n  which l e d  t o  t h e  discovery of  Amur, Apollo, Adonis 
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and Hermes; a t  long d i s t a n c e ,  t h e s e  small p l a n e t s  with diameters on t h e  order  o f  

1-2 km would simply have remained unnoted. 

h o u r  and Apollo were discovered i n  1932, Adonis i n  1936 and Hemes i n  1937. 

Of t h i s  group t h e  last a s t e r o i d ,  perhaps, is  t h e  most remarkable, 

A t  t h e  time of  i t s  discovery it almost llflewll through t h e  sky; i n  one day 

Hermes moved 90' i n  d i r e c t  ascent, c u t t i n g  through a q u a r t e r  of  t h e  firmament! 
/39 - 

The semi-major a x i s  o f  Hermes' o r b i t  (1.3 AU ) d i f f e r s  s l i g h t l y  from t h e  

astronomical u n i t ,  and a t  t h e  time of i t s  c l o s e s t  approach t o  Earth t h e  d i s t a n c e  

between Hermes and our p l a n e t  can b e  reduced t o  580,000 km. 

Unfortunately,  because o f  ignorance of  t h e  exact  o r b i t s  of  Hermes, Adonis 

and Apollo, they must be considered as i r r e t r i e v a b l y  l o s t .  Only t h e  next meeting 

with Amour can be p r e d i c t e d  beforehand, and t h i s  l i t t l e  p l a n e t  has been observed 

more than once during t h e  per iod of i t s  oppos i t ions .  Unfortunately,  t h e  minimum 

d i s t a n c e  t o  Amour w i l l  never  be less than 16,000,000 km. 

Icarus  

This a s t e r o i d  could b e  completely assigned t o  t h e  previous group. However, 

i t s  p r o p e r t i e s  are so unique t h a t  Icarus  should b e  discussed by i t s e l f .  

Icarus  was discovered 26 June 1949 a t  t h e  Mount Palomar Observatory (USA). 

In  almost a l l  aspec ts  i t s  o r b i t  proved t o  b e  except iona l :  e c c e n t r i c i t y  0.83, 

i n c l i n a t i o n  23', semi-major a x i s  1.08 AU (Figure 11) .  

Revolving around t h e  Sun i n  a period c l o s e  t o  1 year  (409 days) ,  Icarus  

approaches t h e  Sun a t  p e r i h e l i o n  a t  a d i s t a n c e  of 28,000,000 km, i . e . ,  30,000,000 

c l o s e r  than Mercury. A t  t h i s  time t h e  s u r f a c e  of Icarus  must be heated t o  a 

temperature of 5OO0C, while  a t  aphelion, going beyond t h e  o r b i t  o f  Mars, Icarus  

becomes extremely cold.  

Such immense changes i n  temperature can hard ly  h e l p  a f f e c t i n g  t h e  phys ica l  

s t r u c t u r e  of Icarus .  I t  i s  most l i k e l y  t h a t  t h e  phys ica l  n a t u r e  of  t h i s  small  

p lane t  d i f f e r s  g r e a t l y  from t h e  na ture  of t h e  o t h e r  a s t e r o i d s .  

Icarus  is  very s m a l l - - i t s  diameter s c a r c e l y  exceeds 1 km, and only i t s  

closeness  t o  t h e  Earth a t  c e r t a i n  moments led  t o  i t s  being not iced .  Under t h e  
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most f a w r a b l e  approaches f o r  observat ion,  t h e  d i s t a n c e  between Icarus  and t h e  

Earth i s  reduced t o  6-7 m i l l i o n  km. 

Since i t s  discovery,  Icarus  has 

been observed during many opposi t ions.  

Therefore, i t s  o r b i t  is  known well 

enough t o  p r e d i c t  meetings of Icarus  

and t h e  Earth with g r e a t  r e l i a b i l i t y .  

The next  approach of Icarus  t o  

Earth occurred i n  June 1968. On 14 

June t h e  d i s t a n c e  between them was 

reduced t o  6.4 m i l l i o n  km. On t h i s  

day Icarus  looked l i k e  a small s t a r  

of t h e  11th magnitude, no t iceably  

moving a t  a v e l o c i t y  of around l " / h r  

from t h e  North S t a r  toward t h e  c o n s t e l -  

l a t i o n  Bootes. Icarus  was successfu l ly  

/40 

Figure 11. Orbi t  of t h e  Asteroid 
Icarus  . photographed a t  s e v e r a l  Soviet  

Observator ies  (Figure 12) .  I t  i s  of  

i n t e r e s t  t h a t  a s  e a r l y  as 1 2  June, Icarus  was photographed with t h e  a i d  o f  a 

t e l e v i s i o n  system connected with a 2.6 meter r e f l e c t o r  a t  t h e  Crimean Astro- 

physical  Observatory. 

between Icarus  and Earth i n  1968 and t h e  c a t a s t r o p h i c  consequences o f  t h i s  c o l -  

l i s i o n ,  proved t o  be f a l s e ,  a s  was t o  be expected. 

Absurd rumors, spread severa l  years  ago about a c o l l i s i o n  

Icarus  i s  i n t e r e s t i n g  from many poin ts  of view i n  astronomy. In  p a r t i c u l a r  

i t s  approach t o  Mercury makes it p o s s i b l e  t o  determine t h e  mass of t h e  l a t te r .  

The p e r i h e l i a  of t h e  o r b i t  o f  Icarus ,  while it is  moving i n s p a c e ,  make it 

p o s s i b l e  t o  v e r i f y  one of  t h e  effects o f  the  theory of  r e l a t i v i t y .  

i s  not  impossible t h a t  i n  t h e  f u t u r e  a n  automated i n t e r p l a n e t a r y  s t a t i o n  w i l l  b e  

successfu l ly  placed on t h i s  remarkable small p l a n e t .  Close observa t ions  (not  t o  

speak of a landing) can t a n g i b l y  enr ich  our knowledge, s t i l l  very scanty,  of t h e  

physical  n a t u r e  of  a s t e r o i d s .  

F i n a l l y ,  it - /41 
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I .. . .. . 

THE PHYSICAL NATURE OF THE MINOR ~ - -  -. . . - . - -  
PLANETS' 

Even Gauss and Olbers con- 

s i d e r e d  a s tudy o f  t h e  b r igh tness  

o f  small p l ane t s  an extremely 

important proper ty  i n  t h e  c l a r i f i -  

c a t i o n  o f  t h e i r  phys ica l  na ture .  

Not being luminescent bodies ,  t he  

a s t e r o i d s  merely scatter t h e  s o l a r  

r a d i a t i o n  inc iden t  upon them, 

thanks t o  which they can be  found 

f o r  observa t ion .  

Two f a c t o r s  c h i e f l y  determine 

the  apparent  b r igh tness  o f  small 

p l a n e t s ,  i. e .  , t he  b r igh tness  pro- Figure 1 2 .  
Icarus .  

Photograph o f  t h e  Asteroid 

duced by them a t  the  su r face  of t h e  

Earth.  There are, f irst ,  t h e  s t ance  

d i s t ance  o f  t h e  a s t e r o i d  from t h e  Earth a t  

the moment of observat ion and, secondly,  i t s  d i s t a n c e  from the  Sun. To speak 

more concre te ly ,  t h e  apparent  b r igh tness  o f  a small p l ane t  changes i n  inverse  

proport ion t o  t h e  squares  of t h e  d i s t ance  t o  t h e  Sun and t o  t h e  Earth.  

Let us  des igna te  the  br ightness  of an a s t e r o i d  a t  a d i s t ance  r from t h e  

Sun and a t  a d i s t ance  A from t h e  Earth by I ,  while  Io  w i l l  mean t h e  br ightness  

of a small p l ane t  i n  r e l a t i o n  t o  t h e  d i s t ance  ro and A o .  

found t h a t  

In  t h i s  case  it i s  

Here r means t h e  semi-major a x i s  a of t he  a s t e r o i d  o r b i t ,  A is  t h e  magnitude 

a - 1, obviously equal t o  t h e  d i s t ance  from t h e  Earth t o  t h e  small p l ane t  a t  t h e  

moment of i t s  oppos i t ion .  

0 0 

I f ,  making use o f  Poisson 's  well-known r a t i o  

/42 
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w e  proceed from b r igh tness  I and Io t o  t h e  corresponding s t e l l a r  magnitudes m 

and mo, t h e  formula mentioned above, af ter  t ak ing  t h e  logarithm, assumes t h e  

shape 

m = m 0 - 5 log  a ( a  - 1)  + 5 log(rA).  

The s t e l l a r  magnitude mo of t h e  a s t e r o i d  a t  t h e  moment of  i t s  oppos i t ion  depends 

on t h e  dimensions of  t h e  o r b i t  of  t h e  small p l a n e t  and, consequently,  does not  

cha rac t e r i ze  i t s  phys ica l  p r o p e r t i e s .  Therefore,  it i s  convenient t o  use a 

second magnitude, c a l l e d  the  abso lu te  s t e l l a r  magnitude o f  t he  p l a n e t .  This 

term means t h e  apparent  s t e l l a r  magnitude which t h e  a s t e r o i d  would have i f  it 

were moved a d i s t ance  of  1 AU from t h e  Sun and from the  Earth a t  t h e  same t i m e .  

Here, we presume t h a t  t h e  e n t i r e  l i g h t e d  h a l f  o f  t he  a s t e r o i d  i s  turned toward 

t h e  Earth,  i . e . ,  t h a t  i t s  phase corresponds t o  a f u l l  moon. 

I t  i s  not  d i f f i c u l t  t o  r e a l i z e  t h a t  t h e  f irst  two condi t ions  c o n t r a d i c t  t h e  

t h i r d .  

them t h e  ve r t ex  of  an e q u i l a t e r a l  t r i a n g l e ,  and t h i s  means t h a t  t h e  a s t e r o i d  

w i l l  have a no t i ceab le  phase.  Therefore  the  absolu te  s t e l l a r  magnitude of a 

small p l ane t  i s  an a b s t r a c t i o n ,  bu t  very convenient f o r  cha rac t e r i z ing  t h e  

phys ica l  p rope r t i e s  o f  t h e  a s t e r o i d .  

A t  an equal d i s t a n c e  from t h e  Earth and t h e  Sun t h e  a s t e r o i d  forms with 

If we p o s i t  A = r - 1 AU and t h e  designated absolu te  s te l la r  magnitude o f  /43 
an a s t e r o i d  with t h e  l e t t e r  g,  we g e t  

g-m,--5 log a ( a - l ) ,  

from which, i n  cons idera t ion  of  t h e  formula w r i t t e n  above, w e  f i n a l l y  ge t  

m=-g+5. log (rd). 
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I n  t h i s  way, i f  we know g it is p o s s i b l e  t o  compute t h e  apparent s t e l l a r  magni- 

tude m o f  a given a s t e r o i d  f o r  any d i s t a n c e s  r and A .  

b e  done, f ind ing  g by measuring m y  r and A .  

The reverse can obviously 

The g r e a t e r  t h e  a b s o l u t e  magnitude g o f  t h e  a s t e r o i d ,  t h e  l a r g e r  it i s  

(other  condi t ions remaining equal!) .  I t  i s  i n t e r e s t i n g  t h a t  as g i s  reduced, 

t h e  number o f  a s t e r o i d s  possessing t h e  given a b s o l u t e  s te l lar  magnitude s t e a d i l y  

increases .  There is no doubt t h a t  an immense number of  small  and very small  

a s t e r o i d s  a r e  simply not  d e t e c t a b l e  by modern instruments  because of  t h e i r  small 

g. 

In order  t o  compute t h e  diameter of  an a s t e r o i d ,  taken as  a s p h e r i c a l  body 

i n  t h e  f irst  approximation, it is  not  enough t o  know only g.  

t h i s ,  it i s  necessary t o  provide a d e f i n i t e  albedo, i . e . ,  a magnitude char-  

a c t e r i z i n g  t h e  r e f l e c t i v e  capac i ty  of a given a s t e r o i d .  By albedo we mean 

t h e  r a t i o  of t h e  amount of s c a t t e r e d  p lane tary  l i g h t  t o  t h e  amount of  l i g h t  

received by it  from the  Sun. 

0.07. This means t h a t  t h e  lunar  s u r f a c e  r e f l e c t s  only 7% of  t h e  s o l a r  r a d i a t i o n  

f a l l i n g  upon it .  

of  a sur face ,  and it follows from t h e  previous r e s t r i c t i o n  t h a t ,  l e t  us say,  

t h e  na ture  of  t h e  lunar  s u r f a c e  i s  very dark,  s i m i l a r  i n  r e f l e c t i v e  capac i ty ,  

f o r  example, t o  such terrestr ia l  objec ts  as volcanic  t u f f ,  

In  addi t ion  t o  

For example, t h e  albedo o f  t h e  Moon is  equal t o  

In  t h i s  way t h e  albedo c h a r a c t e r i z e s  t h e  degree of blackness 

Determination of  t h e  albedo mentioned i s  not very exact .  In t h e  most exact 

formulations t h e  law of  l i g h t  d i spers ion ,  adopted f o r  a given sur face ,  i s  con- 

s idered .  However, going i n t o  t h e  d e t a i l s  and n i c e t i e s  of t h i s  r a t h e r  d i f f i c u l t  

quest ion i s  s c a r c e l y  appropr ia te  here .  

s u f f i c i e n t l y  c l e a r  even i f  formulations are not  extremely s t r i c t .  

t h e  albedo be taken i n  computing t h e  diameters of small  p l a n e t s ?  

The phys ica l  na ture  of t h e  albedo i s  

How should 

As a l ready  mentioned more than once, a l l  known a s t e r o i d s  look l i k e  s t a r -  

-shaped o b j e c t s  with v i s i b l e  diameters completely masked by d i f f r a c t i o n  d isks  

which a r e  too g r e a t  f o r  t h e i r  dimensions. Only t h e  f i rs t  four  small p l a n e t s :  

Ceres, Juno, P a l l a s  and Vesta, a r e  v i s i b l e  as minute d isks  i n  t h e  most powerful 

te lescopes .  

these  d i s k s .  However, it was only 100 years  l a t e r  i n  1901 t h a t  Barnard, using 

/44 - 

William Herschel, i n  1802 and Schroeter  i n  1805 t r i e d  t o  inspec t  
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t h e  world 's  most powerful 40-inch r e f r a c t o r  a t  t h e  Yerkes Observatory, r e l i a b l y  

measured t h e  v i s i b l e  diameter of t h e  four l a r g e s t  a s t e r o i d s .  Ceres had a 
d i s k  diameter s c a r c e l y  g r e a t e r  than 1 second of  a r c  (1Il.06) and t h e  diameters o f  

t h e  o t h e r  t h r e e  were less than 1". 

When t h e  v i s i b l e  angular  dimensions of  an a s t e r o i d ,  i ts  apparent s t e l l a r  

magnitude and i t s  d i s t a n c e  from t h e  Earth a r e  known, it i s  p o s s i b l e  t o  compute 

i t s  albedo. 

we are not  a t  a l l  convinced t h a t  a l l  o t h e r  small p l a n e t s  possess such an albedo. 

Taking t h e  albedo o f  a l l  a s t e r o i d s  as equal t o  t h e  albedo of  Mars o r  some o t h e r  

major p l a n e t  i s  an example of one s o l u t i o n .  The a r b i t r a r i n e s s  o f  t h i s  condi t ion  

i s  obvious, and it i s  clear from it t h a t  t h e  measurements of  small  p l a n e t s  a r e  

s t i l l  n o t  known by us with t h e  d e s i r e d  exac t i tude .  

As t h i s  has  s o  f a r  been proved p o s s i b l e  f o r  only four  a s t e r o i d s ,  

What is  t h e  d i s t r i b u t i o n  of t h e  small p l a n e t s  i n  regard t o  t h e i r  dimensions? 

Only two a s t e r o i d s ,  Ceres and P a l l a s ,  have diameters g r e a t e r  than 400 km and only 

14 small  p l a n e t s  have diameters g r e a t e r  than 240 km. 

obvious: as  t h e  dimensions a r e  reduced, t h e  number of a s t e r o i d s  possessing such 

dimensions increases  r e g u l a r l y .  The smal les t  o f  t h e  known a s t e r o i d s ,  such as 

Hermes, have diameters  measured only i n  hundreds of meters. There i s  no doubt 

t h a t  a s  t h e  s e n s i t i v i t y  of  te lescopes  increases  t h e r e  w i l l  be  found i n  t h e  

not  d i s t a n t  f u t u r e  i n  t h e  depths of  space around t h e  s o l a r  system t i n y  p l a n e t s  

comparable i n  dimensions t o  t h e  l a r g e s t  meteor i tes .  I t  i s  d i f f i c u l t  t o  p lace  

any l i m i t  t o  t h e  s i z e  of a s t e r o i d s .  The cons tan t  fragmentation of  a s t e r o i d  bodies 

leads t o  t h e  conclusion t h a t  t h e r e  undoubtedly e x i s t  i n  t h e  a s t e r o i d  b e l t  f r a g -  

ments with diameters i n  meters,  cen t imeters ,  mi l l imeters  and microns. I f  then,  

some p a r t i c l e  revolves  around t h e  Sun i n  an e l l i p t i c a l  o r b i t ,  even i f  only 

p a r t i a l l y  loca ted  i n  t h e  a s t e r o i d  b e l t ,  w e  have no b a s i s  f o r  denying such an 

objec t  t h e  t i t l e  "as te ro id ,"  no mat te r  how small i t s  dimensions. 

A general  r e g u l a r i t y  is  

However, t h i s  i s  merely a matter of terminology. I t  i s  p o s s i b l e  t o  c a l l  

only those  o b j e c t s  of t h e  a s t e r o i d  b e l t  with diameters ,  l e t  us say, exceeding 

100 meters o r  1 meter a s t e r o i d s .  But so f a r  such a l i m i t a t i o n  has  not  been 

introduced and t h e r e f o r e  d iscuss ions  about t h e  t o t a l  number of a l l  a s t e r o i d s  

i n  t h e  s o l a r  system remain q u i t e  i n d e f i n i t e .  
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Another problem is t h e  es t imat ion  of t h e  t o t a l  mass o f  t he  

a s t e r o i d  b e l t .  This can be  solved i n  seve ra l  ways. 

If w e  cons ider  t h e  shape o f  t he  a s t e r o i d s  t o  be  s p h e r i c a l ,  it is  easy t o  

c a l c u l a t e  t h a t  t h e  t o t a l  volume o f  t h e  f irst  1,500 small p l ane t s  i s  equal t o  t h e  

volume o f  a sphere with a diameter of 1,340 km, which i s  almost n ine  times smal- 

l e r  than t h e  diameter of  t h e  Earth.  I t  i s  i n t e r e s t i n g  t h a t  2/3 o f  t h i s  volume 

fa l l s  t o  t h e  l o t  o f  t h e  l a r g e s t  a s t e r o i d s  ( t h e i r  ca t a log  numbers: 1, 2 ,  3, 4, 5, 

6, 7, 10, 15, 16, 22 ,  29, 39, 52, 196, 349, 511, 617, 704). Natural ly ,  such an 

eva lua t ion  i s  only a f i r s t  approximation toward r e a l i t y .  Only p a r t  o f  t he  

a s t e r o i d s  are considered i n  i t ,  and even he re  a l l  t h e  a s t e r o i d s  a r e  considered 

as spheres ,  a d e l i b e r a t e  f i c t i o n .  

The r e s u l t  can be  made more exact  by cons ider ing  not  only t h e  a s t e r o i d s  

discovered, bu t  a l s o  t h e  ones which a r e  s t i l l  unknown, with diameters  exceeding 

1 km. This can be  done by using an empir ical  law connecting the  number of 

a s t e r o i d s  with t h e i r  dimensions. Presuming t h a t  t h i s  r e g u l a r i t y  extends t o  

a s t e ro ids  with a diameter of 1 km, I .  I .  P u t i l i n  as e a r l y  as 1939 computed t h e  

t o t a l  mass o f  a l l  a s t e r o i d s ,  no t  smal le r  than t h e  l i m i t  mentioned (under t h e  

condi t ion  t h a t  t h e i r  mean dens i ty  equals  t h e  mean dens i ty  of  t h e  Ear th) ,  as c l o s e  

t o  one one-thousandth of t h e  mass of t h e  t e r r e s t r i a l  sphere.  

The b e s t  eva lua t ion  i s  made i f  cons idera t ion  i s  given t o  t h e  pe r tu rba t ion  

e f f e c t  of  t h e  e n t i r e  a s t e r o i d  b e l t  on the  movement o f  Mars. In  t h i s  method t h e  

mass o f  a l l  a s t e r o i d s ,  both discovered and undiscovered, i s  considered,  inc lud-  

ing a l l  fragmentary s o l i d  substances down t o  t h e  smallest p a r t i c l e s  of dus t  

inc  lus ive ly  . 
The f irst  eva lua t ion  by t h i s  method was made by Lever r ie r .  Considering t h e  

devia t ion  i n  t h e  pe r ihe l ion  motion of t h e  Martian o r b i t ,  Lever r ie r  found t h a t  

t h e  t o t a l  mass of  a l l  a s t e r o i d s  does not exceed 1/4 t h e  mass o f  t h e  Earth and, 

is  probably c lose  t o  0 .1  of  t h e  mass o f  t h e  t e r r e s t r i a l  sphere.  

Newcomb, using t h i s  same methodology, found the  mass o f  t he  a s t e r o i d  b e l t  t o  

equal l / 6  t h e  mass of  t h e  Earth.  

end of  t h e  l a s t  century .  

La ter ,  S. 

P .  Har t ser  came t o  t h e  same conclusion a t  t he  
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Analyzing a l l  o f '  t h e  computations mentioned i n  regard t o  t h i s  method, I .  I .  

P u t i l i n  concluded t h a t  t h e  t o t a l  mass of t h e  a s t e r o i d  b e l t  could n o t  be less 

than 0.1 of t h e  mass o f  t h e  Earth.  

a s t e r o i d s  equals t h e  mean d e n s i t y  of  t h e  t e r r e s t r i a l  globe, t h e  hypothe t ica l  

p l a n e t  Phaeton, t h e  ances tor  o f  t h e  a s t e r o i d  b e l t ,  must have had a diameter 

c l o s e  t o  5,900 km. 

would equal 6,880 km, which exceeds t h e  diameter of Mars by 140 kh. 

If we presume t h a t  t h e  mean d e n s i t y  of  t h e  - /46 

3 With a mean d e n s i t y  o f  3 . 7  g/cm , t h e  diameter of  Phaeton 

L e t  us no te  t h a t  these ,  so t o  say, "gravi ta t iona l"  eva lua t ions  of t h e  t o t a l  

mass of t h e  a s t e r o i d s  provide understatements as  r e s u l t s .  ' There are o t h e r  masses 
of  a s t e r o i d s  l e f t  out  o f  cons idera t ion ,  s i n c e  they move o u t s i d e  t h e  a s t e r o i d  . 

b e l t  (e .g . ,  t h e  Tro jans) .  On t h e  o t h e r  hand, t h e r e  is  no doubt t h a t  t h e  o r i g i n a l  

mass of  t h e  a s t e r o i d  b e l t  could have been s u b s t a n t i a l l y  g r e a t e r  than it is  now, 

The gradual fragmentation of  a s t e r o i d s  generates  fragments with extremely 

e c c e n t r i c  e l l i p t i c a l  o r  even hyperbol ic  o r b i t s  which leave t h e  a s t e r o i d  b e l t  

forever ,  and f a l l  onto t h e  Sun o r  some o t h e r  major p l a n e t  o r  even abandon t h e  

s o l a r  system. 

Perhaps t h e r e  is  no o t h e r  region i n  t h e  s o l a r  system where processes of  

d e s t r u c t i o n  and degradat ion of  matter would take  p l a c e  with such a uniform 

tendency as i n  t h e  a s t e r o i d  b e l t .  There everything i s  breaking up, becoming 

smaller ,  "d is in tegra t ing"  i n  near  s o l a r  space,  and t h e r e  a r e  no v i s i b l e  processes 

which would e s s e n t i a l l y  r e p l e n i s h  t h e  decaying a s t e r o i d  b e l t  with mat te r .  

The n a t u r a l  conclusion from what has  been s a i d  is  t h a t  Phaeton ( i f  i t  

a c t u a l l y  e x i s t e d )  may have been a l a r g e  p l a n e t  of t h e  Earth type,  no smal le r  i n  

s i ze  than Mars, o r  poss ib ly  even than Earth.  

problem of  t h e  r e a l i t y  of  Phaeton, bu t  w i l l  now d i r e c t  t h e  a t t e n t i o n  of t h e  

reader  t o  o t h e r  phys ica l  p r o p e r t i e s  of t h e  a s t e r o i d s .  

We s h a l l  not y e t  t u r n  t o  t h e  

I f  a l l  of t h e  small  p l a n e t s  were i d e a l  spheres with a p e r f e c t l y  smooth 

sur face ,  and thus had one and t h e  same r e f l e c t i v e  capac i ty  and c o l o r ,  even then 

t h e  apparent br ightness  of  t h e  a s t e r o i d s  would not  remain unchanged. The reason 

f o r  t h i s  (besides  a reduct ion  i n  d i s t a n c e  t o  t h e  Sun and Earth) i s  found i n  t h e  

changes of phase of t h e  a s t e r o i d s .  
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The angle  between a l i n e  from t h e  cen te r  o f  t h e  a s t e r o i d  t o  t h e  Sun and one 

t o  t h e  observer  i s  c a l l e d  t h e  phase angle .  The l a r g e r  t h i s  angle  is, t h e  smaller 
is t h e  apparent  b r igh tness  of t h e  small p l ane t  (o the r  condi t ions  being equal ) .  

However, t h e  r e l a t i o n s h i p  between these  magnitudes depends t o  a g rea t  degree on 

the  natul'e of  t h e  surface s t r u c t u r e  of t h e  small p l ane t ,  on how it d i spe r ses  

t h e  s o l a r  rays  s t r i k i n g  it. This means t h a t  a person s tudying  t h e  changes i n  - /47 
apparent br ightness  of  an a s t e r o i d ' a s  a func t ion  of i ts  phase can reach a few 

conclusions about t h e  s t r u c t u r e  of i ts  sur face .  

Leonhard Euler found t h a t  t h e  i l l umina t ion  of any s u r f a c e  depends ( i n  

add i t ion  t o  t h e  power of  t h e  l i g h t  source and i t s  d i s t a n c e  from i t )  only upon 

t h e  angle  of incidence of t h e  l i g h t  i l l umina t ing  t h e  su r face .  

t h e  b r igh tness  of  t h e  spo t  which the  observer  sees with t h e  l e t t e r  B, t h e  angle  

of incidence with t h e  l e t te r  i, and t h e  i l l umina t ion  of t h e  given spot  with t h e  

l e t t e r  Eo, Eule r ' s  func t ion  is expressed by the  simple equat ion:  

If w e  des igna te  

B = E,k cos i ,  

where k is some cons tan t .  

Let us des igna te  t h e  angle  of d i f f u s e  r e f l e c t i o n  as e, t h e  angle  between 

a perpendicular  t o  the  su r face  of  t h e  body a t  t h e  given s p o t  and the  r a y  coming 

from t h i s  spot  t o  t h e  observer .  Then, according t o  t h e  law proposed by Lambert 

B = E,k cos i cos e .  

There a r e  s t i l l  more complicated laws upon which we s h a l l  not dwell .  Taking 

Euler ' s  law and Lambert's law, it is not d i f f i c u l t  t o  f i n d  the  t h e o r e t i c a l  

dependence of t he  apparent  br ightness  of an a s t e r i o d  from the  phase angle .  

Comparing t h i s  with given observa t ions ,  it i s  p o s s i b l e  t o  conclude whether t h e  

su r face  of t he  given a s t e r o i d  f i t s ,  f o r  example, Lambert's law o r ,  i f  it does 

not  f i t ,  what caused t h e  devia t ions  observed. 

Many years  observat ion has shown t h a t  theory d i f f e r s  from experiment. The 

changes i n  br ightness  recorded from the  phase angle  a r e  far  l a r g e r  than those 
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which t h e o r e t i c a l  equat ions p r e d i c t .  Roughly speaking, t h e  apparent br ightness  

of an a s t e r o i d  has proven t o  be propor t iona l  t o  i ts  phase angle .  

t h e  r e a c t i o n  between t h e  apparent s te l la r  magnitude and t h e  phase angle  i s  
i l l u s t r a t e d  by a s t r a i g h t  l i n e .  

s t r a i g h t  l i n e  t o  t h e  ho r i zon ta l  angle  is c a l l e d  t h e  phase c o e f f i c i e n t ,  

On a graph 

The tangent  of t he  angle  of i n c l i n a t i o n  of t h i s  

The phase c o e f f i c i e n t s  of d i f f e r e n t  a s t e r o i d s  are e s s e n t i a l l y  d i f f e r e n t .  

I t  follows from t h i s  t h a t  t h e  su r face  s t r u c t u r e  of small p l ane t s  i s  not uniform. 

On t h e  o the r  hand, t h e  dev ia t ion  between theory and observat ions has been caused 

by t h e  f a c t  t h a t  a s t e r o i d  su r faces  are not  abso lu t e ly  smooth (as  is assumed i n  

theory) ,  bu t  on t h e  cont ra ry  a r e  very uneven and rough with numerous e l eva t ions  

and depressions.  

So far  we have been speaking about changes i n  br ightness  generated e s s e n t i -  

a l l y  by two causes ,  a reduct ion  i n  t h e  d i s t ance  of t h e  a s t e r o i d  t o  t h e  Sun and 

t o  t h e  Earth.  In these  cases  t h e  b r igh tness  changes slowly and a l l  of t h e  

changes can be p red ic t ed  on genera l  c h a r t s ,  even though q u a l i t a t i v e l y .  

o the r  mat te r ,  t he  short- term,  r ap id ,  sometimes i r r e g u l a r  o s c i l l a t i o n s  and b r i g h t -  

ness ,  is  undoubtedly inherent  i n  t h e  major i ty  ( i f  not a l l )  of t h e  a s t e r o i d s :  

v a c i l l a t i o n s  whose cause i s  far  from being understood i n  a l l  cases .  

/48 

The 

The f i r s t  o f  t h e s e  was spo t t ed  as e a r l y  as 1901 by t h e  famous German 

astronomer, Oppolzer while observing t h e  a s t e r o i d  Eros. 
century 72 more small p l a n e t s  were discovered with s i m i l a r l y  r ap id  o s c i l l a t i o n s  

i n  b r igh tness .  In 1935 S. K. Vsekhsvyatskiy and Yu. V. Fi l ippov s t a t e d  t h a t  a t  
least 44% of t h e  a s t e r o i d s  known t o  them change t h e i r  apparent  b r igh tness  

r ap id ly .  

many astronomers,  p a r t i c u l a r l y  V.  P. Tsesevich a t  t h e  Odessa Observatory. In  

s h o r t ,  it may be poss ib l e  t o  come t o  t h e  conclusion t h a t  a l l  of  t h e  small p l ane t s  

without except ion change t h e i r  b r igh tness  with r e l a t i v e  r a p i d i t y .  

cases  where t h e  amplitude o f  o s c i l l a t i o n  is g r e a t  enough, t h e  o s c i l l a t i o n  i n  

b r igh tness  can be recorded d i r e c t l y .  

a t  with t h e  assumption t h a t  they are too  s u b t l e  for e x i s t i n g  instruments .  

ever,  l e t  us repeat t h a t  t h e  e n t i r e  mat te r  is ev iden t ly  one of s e n s i t i v i t y  of 
apparatus .  
of War iab le"  a s t e r o i d s  recorded w i l l  grow cont inua l ly .  

In the  next  q u a r t e r  

V a c i l l a t i o n s  i n  t h e  b r igh tness  of  small p l ane t s  was l a t e r  s tud ied  by 

In  those  

In  o the r  cases, they can only be guessed 

HOW- 

A t  any r a t e ,  depending upon the  refineinent of photometers, t h e  number 
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The r a p i d  o s c i l l a t i o n s  i n  t h e  br ightness  o f  small  p l a n e t s  can be c l a s s i f i e d  

i n t o  two types:  p e r i o d i c  and i r r e g u l a r .  

a s t e r o i d s  Eunomia, Niza, Antigone and o t h e r s )  t h e r e  is a sharp ly  developed 

I n  t h e  f i r s t  case (e .g . ,  f o r  t h e  

d e f i n i t e  per iod  approaching 4 , h o u r s  on t h e  average. 

g r e a t  and as a r u l e  does not  exceed 0 .4. 

provide accuracy c l o s e  t o  0 .1 i n  v i s u a l l y  eva lua t ing  t h e  b r i g h t n e s s  of v a r i a b l e  

stars,  photometric recording of a s t e r o i d  b r i g h t n e s s  i s  n a t u r a l l y  p r e f e r a b l e .  

However, systematic  v i s u a l  eva lua t ion  of t h e  b r i g h t n e s s  of  t h e  small p l a n e t s  

a l s o  has s c i e n t i f i c  va lue .  

The amplitude here  i s  n o t  
m Although a s k i l l e d  observer can 

m 

I t  is  d i f f i c u l t  t o  i n d i c a t e  any cause f o r  t h e s e  phenomena except t h e  r o t a -  

t i o n  of  a s t e r o i d s  around some a x i s .  

change as some p a r t  o f  t h e  s u r f a c e  of t h e  a s t e r o i d  with a d i f f e r e n t  albedo t u r n s  

toward t h e  observer ,  f o r  t h e  reason t h a t  t h e  a s t e r o i d  i t s e l f  has an  i r r e g u l a r ,  

fragmentary shape. 

In  t h i s  case t h e  apparent br ightness  can 

/49 - I t  i s  an i n t e r e s t i n g  f a c t  t h a t  a s t e r o i d s  which not iceably  change t h e i r  

apparent br ightness ,  remain unchanged i n  r e s p e c t  t o  c o l o r  (within t h e  l i m i t s  o f  

measuring exactness) .  This means t h a t  t h e  main cause i s  not  t o  be found i n  a 

d i f f e r e n c e  i n  c o l o r  and s t r u c t u r e  among s e p a r a t e  p a r t s  of  t h e  a s t e r o i d s ,  bu t  

r a t h e r  i n  t h e i r  i r r e g u l a r ,  fragmentary shape. 

Imagine some g i g a n t i c  lump "somersaulting" through space.  Like t h e  

i r r e g u l a r  shape o f  an a s t e r o i d ,  a t  c e r t a i n  times it  w i l l  r e f l e c t  streams o f  

s o l a r  l i g h t  of v a r i e d  i n t e n s i t y  toward t h e  Earth.  

i n  br ightness ,  noted by t e r r e s t r i a l  observers ,  come from. 
This i s  where t h e  o s c i l l a t i o n s  

I t  is  more d i f f i c u l t  t o  explain t h e  changes i n  b r i g h t n e s s  where no per iod-  

i c i t y  can be determined. Such, f o r  example, i s  t h e  case  of  t h e  small p l a n e t  

Brutsiya,  which changes i t s  br ightness  very t a n g i b l y  (up t o  lm.5) from one 

opposi t ion t o  another ,  now appearing more c l e a r l y  and now more dimly. The 

a s t e r o i d  Eros is  no l e s s  enigmatic i n  i t s  v a r i a b i l i t y  i n  br ightness .  

Perhaps no o t h e r  small p l a n e t  undergoes as thorough a change i n  br ightness  

as does Eros. 

decades, t h e r e  is a g r e a t  d e a l  which i s  s t i l l  not  clear today. 

Although i n v e s t i g a t i o n s  have been going on f o r  almost seven 
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The curve of  br ightness  o f  Eros is complicated. I t  includes a double 

p e r i o d i c i t y  with per iods of  2 hours 51 minues and 2 hours 25 minutes, SO t h a t  

t h e  e n t i r e  per iod of  b r i g h t n e s s  i s  5 hours  and 16 minutes. The amplitude does 

not  remain cons tan t ,  e i t h e r ,  b u t  changes i n  a r a t h e r  complex fashion.  

There has not  been any lack  of  hypotheses. I t  has been suggested t h a t  

Eros is  a double p l a n e t ,  c o n s i s t i n g  o f  two adjacent  cigar-shaped bodies .  Other 

astronomers have a t t r i b u t e d  a p e a r - l i k e  shape t o  Eros. 

explain t h e  facts by saying t h a t  t h e  albedo of var ious  p a r t s  of  E r O S  are essen- 

t i a l l y  d i f f e r e n t .  F i n a l l y ,  they have even assumed t h e  ex is tence  on Eros of 

mountainous c r y s t a l l i n e  rocks with so-ca l led  quas ispecular  r e f l e c t i o n .  But a l l  

t h e s e  devices  have proved u s e l e s s .  

They have t r i e d  t o  

In  1931, a t  t h e  time Eros approached t h e  Earth,  i t  appeared i n  t h e  27-inch 

r e f r a c t o r  of  t h e  Johannesburg Observatory a s  r a t h e r  elongated, reminiscent  of 

t h e  f i g u r e  8.  L e t  us no te  t h a t  a l l  t h e  o s c i l l a t i o n s  i n  br ightness  do not pro- 

duce any changes i n  t h e  c o l o r  of  Eros. This means t h a t  t h e  o s c i l l a t i o n s  i n  

br ightness  o f  Eros can be p a r t i a l l y  explained by i t s  i r r e g u l a r  shape. Other 

causes a r e  s t i l l  wai t ing  f o r  i n v e s t i g a t i o n .  

The co lor  and hue o f  small p l a n e t s  a r e  charac te r ized ,  j u s t  l i k e  s t a r s ,  by 

a c o l o r  index which we have a l ready  mentioned. 

fe rence  between t h e  s t e l l a r  magnitude o f  an o b j e c t ,  as  it appears without change 

on negat ives  (photographic s t e l l a r  magnitude), and t h e  s t e l l a r  magnitude of t h e  

same o b j e c t  under v i s u a l  eva lua t ion .  A s  t h e  human eye i s  more s e n s i t i v e  t o  

yellow and green, and t h e  photographic p l a t e  t o  b l u e  and v i o l e t  rays ,  t h e  co lor  

index w i l l  n a t u r a l l y  not  be i d e n t i c a l  f o r  o b j e c t s  of  d i f f e r e n t  c o l o r s .  For  

example, f o r  r e d  s t a r s  photographic b r i g h t n e s s  i s  less than v i s u a l  b r i g h t n e s s ,  

while f o r  b lue  s t a r s  it i s  t h e  oppos i te .  White s t a r s  o f  s p e c t r a l  c l a s s  A0 a r e  

recorded a t  t h e  zero p o i n t ,  f o r  them t h e  co lor  index i s  considered equal t o  0 .  

Then f o r  b lue  s t a r s  t h e  c o l o r  index w i l l . b e  negat ive and f o r  yellow, orange and 

r e d  s t a r s ,  p o s i t i v e .  Speaking more concre te ly ,  b l u e  s t a r s  have a mean c o l o r  

index c l o s e  t o  -Om.33, yellowish +Om.33, yellow +Om.6.7, orange + l m . 1 2  and red  

+Im. 73. 

By t h i s  term we mean t h e  d i f -  - /50 
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As e a r l y  as 1911 Hertzsprung found t h a t  t h e  c o l o r  index of  Ceres equals  

lm.05. 

with a coloz index of +Om.79, obviously a small p l ane t  with a pure ly  white 

surface would reflect  t h e  same cp lo r  index. 

a l a r g e r  co lo r  index w i l l  b e  yellow-orange o r  r e d ,  

Since t h e  a s t e r o i d s  r e f l e c t  solar l i g h t ,  and t h e  Sun i s  a yellow star 

This  means t h a t  a small  p lane t  with 

The pioneer  work of Hertzsprung was not confirmed l a t e r ,  and according t o  

modern d a t a  t h e  c o l o r  index of Ceres equals  Om. 70, i . e . ,  it has almost a n e u t r a l  

(grey) co lor ,  as do t h e  rest of  t h e  a s t e r o i d s  on t h e  average. However, i n  
ind iv idua l  cases  a very s i g n i f i c a n t  dev ia t ion  from t h e  grey norm is found. Let 

us mention t h e  a s t e r o i d  Fortuna (co lor  index *Om,02) which possesses  a b lu i sh  

t i n t ,  t he  a s t e r o i d  Pompeya (co lor  index lm.15) which is yel lowish,  l i k e  t he  

Moon, and t h e  a s t e r o i d  Amherstiya (co lor  index +lm.31) which is r a t h e r  reddish-  

-orange, T t  i s  a remarkable f a c t  t h a t  t he  mean co lo r  i nd ices  o f  t h e  a s t e r o i d s  

(+lm.03) and of the  m e t e o r i t e s l l  (+lm.08) are almost equal ,  a f a c t  independent 

of many o the r  accentuated i d e n t i t i e s  i n  t h e  na ture  and o r i g i n  of  t hese  c e l e s t i a l  

bodies.  

Spec t ra l  observat ion of t he  small p l ane t s  began about 100 years  ago i n  1874 

when Vogel s tud ieh  the  spectrum of Vesta v i s u a l l y .  

unexpected, as i n  t h e  spectrum were d i s t ingu i shed  t h e  r a d i a t i o n  l i n e  of hydrogen 

The resul t  obtained was 

/51 H B and twos t reaks  with wavelengths of 577 and 518 mil l imicrons.  Later, t he  - 
majori ty  of researchers  d i sputed  t h i s  r e s u l t ,  bu t  not  long ago N.  A. Kozyrev 

again ev ident ly  observed an analogous spectrum on Vesta. 

Natural ly  t h e r e  cannot be any atmosphere on Vesta nor on the  o the r  a s t e r o i d s ;  

t h e i r  mass is  too small, But t he  p o s s i b i l i t y  of  sporadic  emissions of  gas,  

caused by s o l a r  hea t ing  and o the r  f a c t o r s ,  cannot be excluded. 

Vesta is  a unique a s t e r o i d  i n  many r e spec t s .  

weakens pe r iod ica l ly ,  poss ib ly  connected with i t s  axial  r a t a t i o n  and a non- 

heterogenei ty  i n  t h e  s t r u c t u r e  of d i f f e r e n t  p a r t s ,  

no t iceable  o s c i l l a t i o n s  i n  t h e  co lor  index of  Vesta,  while o the r s  on the  cont ra ry  

a f f i rm t h a t  it i s  cons t an t .  Analogous changes i n  spectrum have a l s o  been 

Let us add t h a t  

The v i o l e t  end of Vestals  spectrum 

Some observers  have recorded 

-_  ~ 

lThe co lor  index of  f r e s h  chips  a r e  a l s o  inves t iga t ed  i n  meteor i tes .  
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observed i n  many o the r  small p l ane t s .  

major i ty  of  a s t e r o i d s  have very weak v i o l e t  and u l t r a v i o l e t  a r eas  of t h e i r  

spec t r a ,  and sometimes they simply do not  e x i s t .  

has not  y e t  been explained.  

In general  it should be noted t h a t  t h e  

The reason f o r  t h i s  phenomenon 

In t h e  30's of t h e  p re sen t  century,  Lyot, and o the r  astronomers a f t e r  him, 

undertook t h e  s tudy of  t h e  r e f l e c t i v e  power of small p l ane t s .  

t h a t  i n  many cases  i n  t h i s  regard  The a s t e r o i d s  and Moon resemble one another ;  

t h i s  means t h a t  t h e  rocks,  l y ing  on t h e i r  su r f aces ,  a r e  a l s o  similar. I t  should 

be s t a t e d ,  however, t h a t  i n  i t s  r e f l e c t i v e  p r o p e r t i e s v e s t a  proved t o .  

be much more l i k e  cha lk  than  l i k e  t h e  lunar  su r face ,  s t i l l  another  mystery of 
a s t e r o i d  No. 4. 

They explained 

Our information about t h e  phys ica l  p rope r t i e s  of  a s t e r o i d s  i s  f a r  from 
complete, al though phys ica l  i n v e s t i g a t i o n  of t hese  a s t e r o i d s  began a t  almost t h e  

same time as  t h e  discovery of t h e  f i rs t  small p l ane t s .  But up t o  recent  t imes 

they have been c a r r i e d  on from one case  t o  another ,  without any s p e c i a l  s c i e n t i f i c  

i n t e r n a t i o n a l  program. 

i s  today, a problem of celest ia l  mechanics. The success  o f  t h e  a s t ronau t s ,  

however, w i l l  put  t he  phys ica l  s tudy of  t he  small p l ane t s  i n t o  t h e  stream of  

c u r r e n t l y  important problems of astronomy. 

For t h e  most p a r t  t h i s  has been considered, and s t i l l  

SMALL BODIES IN THE SOLAR SYSTEM 

Asteroids ,  comets, and even products of  t h e i r  des t ruc t ion  (meteor i tes ,  

meteoric bodies and cosmic dus t )  a r e  covered by t h e  term small bodies of t h e  

s o l a r  system. This terminology is somewhat a r b i t r a r y :  t h e  well-known s a t e l l i t e s  

of t h e  p l ane t s ,  smal le r  i n  s i z e  than many a s t e r o i d s ,  a r e  s t i l l  not included i n  

the  group regarded as small bodies .  Thus, f o r  example, o f  t h e  twelve s a t e l l i t e s  

of  J u p i t e r ,  8 have diameters  smal le r  than 160 km; of t h e  n ine  s a t e l l i t e s  of 

Saturn,  4 a r e  smal le r  i n  s i z e  than a s t e r o i d s .  Nereid, t he  second s a t e l l i t e  of 

Neptune with a diameter around 300 km, could a l s o  be considered a small body. 

Phobos and Deimos, t h e  s a t e l l i t e s  o f  Mars, a r e  j u s t  crumbs. 

However, small s i z e  i s  only one of t h e  c h a r a c t e r i s t i c s  u n i t i n g  the  small 
bodies  of t h e  s o l a r  system. No less e s s e n t i a l  is a second mark, independent 
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revolu t ion  around t h e  Sun. In  t h i s  connection, t h e  smallest o f  t h e  a s t e r o i d s  

and t h e  l a r g e s t  of t h e  me teo r i t e s  resemble each o the r  very c lose ly .  

How far  can t h e  analogy, t h e  s i m i l a r i t y  o f  a l l  small bodies ,  be  c a r r i e d ?  

Are they un i t ed  merely because o f  t h e i r  ex te rna l  f e a t u r e s  o r  are t h e r e  facts 

which a t tes t  t o  a community o f  na tu re  and o r i g i n ?  

We w i l l  t r y  t o  answer these  quest ions by f i rs t  comparing a s t e r o i d s  and 

comets. 

Comets a r e  among t h e  most amazing and a t  t h e  same time t h e  least  s tud ied  

c e l e s t i a l  bodies .  The unexpected appearance of  comets, t h e i r  complex form, 

t h e i r  r ap id  changes and subsequent disappearance,  a l l  t hese  phenomena have 

s t imula ted  un ive r sa l  i n t e r e s t  s i n c e  a n t i q u i t y  and have demanded explanat ion.  

Comets are co los sa l  i n  s ize .  Their  t a i l s  s t r e t c h  out  f o r  hundreds of  

mi l l ions  of  ki lometers ,  and t h e  diameter of  t h e  main p a r t  of  comets o f t en  

exceeds the  diameter o f  t h e  Sun and s tars .  Bu t ,  i n  s p i t e  o f  t h i s  g igan t i c  s i ze ,  

forc ing  comets t o  be  considered t h e  l a r g e s t  bodies  i n  t h e  s o l a r  system, t h e  mass 

o f  a comet is  i n s i g n i f i c a n t l y  small. The b a s i c  amount o f  substance i n  a comet 

is concentrated i n  i t s  s o l i d  po r t ion  c a l l e d  t h e  nucleus.  According t o  t h e  l a t e s t  

da t a ,  cometary nuc le i  a r e  g l a c i a l  lumps of f rozen  gases with diameters  no l a r g e r  

than a few k i lometers ,  including numerous s o l i d  p a r t i c l e s ,  which are hard t o  

melt ,  as impur i t ies  (Figure 13 ) .  Cometary nuc le i  revolve around t h e  Sun i n  

extremely elongated e l l i p t i c a l  o r b i t s .  

nucleus i s  heated and t h e  f rozen  gases v o l a t i l i z e  and form t h e  head and t a i l  of  

t he  comet. The s o l i d  p a r t i c l e s  found i n  t h e  nucleus serve  as ma te r i a l  f o r  t h e  

formation of  powdery t a i l s  and meteoric  showers. 

Whep a comet approaches t h e  Sun, i t s  

The comets are t h e  s e a t  o f  complex phenomena caused mainly by the  effect  - /53 

of s o l a r  hea t ,  l i g h t  and corpuscular  s o l a r  r a d i a t i o n .  

Modern means o f  observa t ion  allow comets t o  be de t ec t ed  when t h e i r  d i s t -  

ance from t h e  Sun is  s t i l l  q u i t e  l a r g e  (2-3 AU). A t  such a d i s t a n c e  from the  

Sun, a comet i n  t h e  t e l e scope  looks l i k e  a small, round, nebulous spot  with a 

l a rge ,  b r i g h t ,  s ta r - shaped  concent ra t ion  i n  t h e  cen te r ,  t h e  nucleus.  The haz i -  

ness surrounding t h e  nucleus is  c a l l e d  t h e  coma, 
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As t h e  comet approaches 

t h e  Sun, b r i g h t  and fan-  

-shaped s t r e a k s ,  c a l l e d  

d ischarges ,  begin t o  emerge 

from i t s  nucleus i n  t h e  d i -  

r e c t i o n  o f  t h e  Sun. The 

d ischarge  phenomenon i s  ac-  

companied by an inc rease  i n  

t h e  genera l  b r igh tness  o f  t h e  

Figure 13.  Cometary Nuclei .  comet. Increas ing  i n  s i z e  

and expanding a t  t h e  end, t h e  

discharges f ac ing  t h e  Sun resemble sh in ing  founta ins  s p u r t i n g  from t h e  cometary 

nucleus.  This s i m i l a r i t y  is  p a r t i c u l a r l y  accented when, as t h e  comet approaches 

t h e  Sun, s t reamers  leave  t h e  ends of t h e  discharges and c u r l  away from t h e  Sun. 

Then the  ex te rna l  edge of  t h e  discharge,  fac ing  t h e  Sun, becomes more o r  

l e s s  sharp ly  ou t l ined  and forms a so -ca l l ed  s h e l l .  In  i t s  o u t l i n e s ,  t h e  s h e l l  

i s  nea r ly  a parabolo id  with t h e  cometary nucleus as i t s  f o c a l  po in t .  There a r e  

cases  when not  one, b u t  a number of  s h e l l s  are observed, ad jacent  t o  one another  

and having t h e i r  common f o c a l  po in t  i n  t h e  cometary nucleus.  

The coma, nucleus d ischarges  and s h e l l  form t h e  head of  t h e  comet. As t h e  /54 - 
comet approaches the  Sun, t h e  streams from the  discharge surround t h e  nucleus 

on a l l  s i d e s  and extend out  i n  t h e  d i r e c t i o n  opposing t h e  Sun, thus forming one 

o r  s eve ra l  cometary t a i l s .  Some o f  t h e  cometary t a i l s  a r e  almost s t r a i g h t  l i n e s  

while  o the r s  have a no t i ceab le  curve.  

Very r a r e l y ,  unusual t a i l s  a r e  formed on comets. They look l i k e  cone-shaped 

p ro jec t ions  po in t ing  from t h e  head of  t he  comet i n  t h e  d i r e c t i o n  o f  t h e  Sun. 

F ina l ly ,  it i s  poss ib l e  t o  observe a sh in ing  r i n g  around some comets with i t s  

common cen te r  i n  t h e  cometary nucleus.  These are  c a l l e d  ha los .  I t  has  been 

observed t h a t  t h e  ha los  gradual ly  inc rease  i n  s i z e  bu t  keep t h e i r  concen t r i c i ty  

around t h e  nucleus and maintain t h e i r  annular  shape. Three b a s i c  types of  

t a i l s  have been demonstrated.  T a i l s  o f  type I are r e c t i l i n e a r  and s t r e t c h  out  
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along t h e  e n t i r e  r ad ius  vec tor12  of  t h e  cometary nucleus i n  t h e  d i r e c t i o n  op- 

p o s i t e  t h e  Sun (Figure 14) .  

Figure 1 4 .  Great January Comet of 1910 
Showing Two Typical Cometary Shapes. 

I2The s t r a i g h t  
rad ius  vec tor  

~ .- . ~~ - .  . ~ . _-_ 
1 ine  segment connecting 
of a cometary nucleus.  

In  o ld  drawings of  comets, 

ta i ls  of type I1 are usua l ly  seen  

i n  t h e  shape of curved brushes o r  

sabers .  Here i s  seen t h e i r  char-  

a c t e r i s t i c  f e a t u r e ;  as a r u l e  they 

a r e  wider than t a i l s  of type I and 

curve i n  a d i r e c t i o n  oppos i te  t h e  

movement of  t h e  comet. T i l t e d  even 

more i n  t h i s  same d i r e c t i o n  a r e  

t h e  t a i l s  of  type 111, d i f f e r i n g  

from t a i l s  of  type I1 because they 

look l i k e  b r i g h t  bands of  l i g h t  i n  

s t r a i g h t  l i n e s  s t r e t c h i n g  out  from 

the  cometary nucleus.  F ina l ly ,  

observat ions a r e  sometimes made of 

abnormal t a i l s ,  cone shaped pro- 

j e c t i o n s  from t h e  cometary head 

pointed toward t h e  Sun. 

The phys ica l  na tu re  of t he  

cometary t a i l s  of d i f f e r e n t  types 

i s  va r i ed .  T a i l s  of type I a r e  

gaseous and composed exc lus ive ly  of 

ions  (CO', N;, CO; and o t h e r s ) .  In 

t a i l s  of type I 1  a r e  found small b i t s  

of dus t  ( t h e i r  diameters a r e  on t h e  

order  of cm) l i b e r a t e d  from the  

cometary nucleus.  In addi t ion ,  it 

i s  poss ib l e  f o r  t a i l s  of type I1 t o  

~~ _ _ _ . .  ~ -~ . . .  ~ - _ = _  i i _ I _ . : _ _ _ -  i==_._  

t he  Sun and t h e  nucleus i s  c a l l e d  t h e  
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inc lude  some n e u t r a l  molecules and t h e  products o f  t h e i r  d i s s o c i a t i o n .  Sol id  

p a r t i c l e s  forming unusual t a i l s  are so  l a r g e  t h a t  t h e  l i g h t  pressure  from t h e  

Sun's rays  is  p r a c t i c a l l y  unable t o  e x e r t  any inf luence  upon them. 

As far as  t h e  cometary heads are concerned, they inc lude  both dus t  ( i n  t h e  

c e n t r a l  po r t ion  near  t h e  nucleus)  and neu t r a l  gaseous molecules (C2, CH, C N ) .  

The phys ica l  s c i ence  of  comets was begun i n  t h e  l as t  century a l ready  bu t  /56 
only i n  t h e  l as t  t e n  t o  f i f t e e n  yea r s  has  t h i s  branch of  as t rophys ics  reached 

t h e  unusual f l u r r y  of  progress  which is  t h e  general  c h a r a c t e r i s t i c  of modern 

sc ience .  

i n  comets a r e  and how na ive  were the  claims of those  cometary researchers  who 

thought i n  t h e  p a s t  t h a t  i t  was poss ib l e  t o  expla in  cometary phenomena by purely 

mechanical causes .  

Only now has it become obvious how complicated t h e  phys ica l  processes  

Any comet can be considered as a small body with a cons tan t ly  renewed 

atmosphere. As mentioned a l ready ,  t h e  grandiose s i z e s  of t he  heads and t a i l s  

of comets s t i l l  do not  g ive  us t h e  r i g h t  t o  consider  comets as g i g a n t i c  c e l e s t i a l  

bodies ,  s i n c e  almost t he  e n t i r e  mass of a comet i s  concentrated i n  i t s  very 

compact nucleus.  As f a r  a s  t h e  heads and t a i l s  of comets a r e  concerned, t h e i r  

mean dens i ty  is  b i l l i o n s  of  t imes smal le r  than the  dens i ty  of  a i r  i n  our rooms, 

a f a c t  a t t e s t e d  t o  by t h e  well-known d e s c r i p t i v e  name f o r  comets ("nothing 

v i s i b l e " ) .  

Cometary nuc le i  have come c l o s e  t o  t h e  Earth and o the r  major p l ane t s  more 

than once, but  t hese  passages have not produced any changes i n  t h e  l a t t e r .  

There have even been cases  (e .g . ,  1910) where t h e  nucleus of a comet passed 

between the  Sun and t h e  Ear th .  

duce the  des i r ed  r e s u l t s ,  no t r a c e s  of t h e  cometary nucleus could be observed 

aga ins t  t he  background of t h e  s o l a r  d i sk .  

small mass of a cometary nucleus.  

However, even such c l o s e  encounters d id  not pro-  

These f a c t s  a t t e s t  t o  t he  extremely 

The te lescope  is  a b l e  t o  d i s t i n g u i s h  s ta r -shaped  concent ra t ions ,  so -ca l l ed  

photometric nuc le i ,  i n  t h e  cen te r  of  t he  cometary head. But even t h i s  i s  not 

t h e  r e a l  s o l i d  nucleus which se rves ,  s o  t o  speak, as t h e  '!base" of t he  comet. 

The g r e a t e r  t h e  t e l e s c o p i c  enlargement used, t h e  smal le r  i s  t h e  photometric 
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nucleus,  and t h i s  i s  a r e l i a b l e  s i g n  t h a t  i n  a given case w e  see a gaseous mass 

with a s p h e r i c a l  extension of  i t s  dens i ty  surrounding t h e  s o l i d  nucleus.  

In  t h e  h i s t o r y  o f  cometary astronomy t h e r e  are ev iden t ly  only two cases  

where t h e  rea l  nucleus o f  t h e  comet has  been s u c c e s s f u l l y  glimpsed. This 

happened i n  1927 and i n  1930 when comets 1927-VI1 and 1930-VI approached our 

p l ane t  a t  a d i s t a n c e  of  s eve ra l  m i l l i o n  k i lometers .  

mer, Balder a t  t he  Meudon Observatory noted s ta r -shaped  o b j e c t s  i n  cometary heads 

which were not  reduced when t h e  ocular  power was increased .  In Balder ' s  judg- 

ment, t h e  diameters  of t h e  cometary n u c l e i  (with an albedo of  0 .1 )  i n  both cases 

The famous French as t rono-  

approached 400 m y  a r e s u l t  no t  very d i f f e r e n t  from r e a l i t y .  /57 
How can t h e  s t r u c t u r e  of a cometary nucleus be  represented?  What i s  t h i s  

c l u s t e r  o f  t i n y  p a r t i c l e s ,  a monolith o f  t he  type o f  a g i g a n t i c  meteor o r  some- 

th ing  e l s e ?  

In  1950, t h e  Kazan astronomer, A. D .  Dubyago showed t h a t  i n  the  nucleus made 

o f  chunks o f  material s e p a r a t e  chunks w i l l  c o l l i d e  with each o the r  every so many 

minutes, thus  breaking up and e l imina t ing  themselves.  A s  t hese  c o l l i s i o n s  pro- 

duce a l i b e r a t i o n  o f  hea t ,  which inev i t ab ly  i s  l o s t  t o  t h e  nucleus,  the  t o t a l  

mechanical energy o f  t h e  nucleus w i l l  g radual ly  be  reduced. A s  a r e s u l t ,  a f te r  

a s h o r t  per iod of  t ime t h e  a c t i v i t y  of t he  sepa ra t e  chunks i n  t h e  nucleus i s  

c u r t a i l e d  and t h e  mass congeals i n t o  one compact body. 

However, t h i s  aga in  causes  d i f f i c u l t y .  I t  is  impossible  t o  consider  t he  

cometary nucleus as a monoli thic  body of  r e l a t i v e l y  small dimensions, s i n c e  i n  

t h i s  ca se  we cannot understand how a cons iderable  amount of  gas  can be  l i b e r a t e d  

from such a small square su r face  of such a nucleus as it approaches t h e  Sun. 

A way out  of  t h i s  d i f f i c u l t y  i s  found a t  t h e  p re sen t  time i n  t h e  "g lac ia l"  

model of  a cometary nucleus,  f i rs t  suggested way back i n  1947 by S. K .  Vsekhsvyat- 

sk iy .  

is  composed of "ice" o f  var ious  gases ,  methane, ammonia, carbon d ioxide  and 

o t h e r s .  With these  t h e r e  i s  a l s o  found some regu la r  aqueous i c e .  A l l  o f  t hese  

"ices" a r e  not pure;  numerous s o l i d  p a r t i c l e s  of a m e t a l l i c  o r  s tony cha rac t e r ,  

hard t o  mel t ,  a r e  mixed with them. When such a monoli thic  "g lac ia l"  nucleus 

According t o  modern opinion t h e  fundamental mass of  t h e  cometary nucleus 
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approaches t h e  Sun, t h e  s o l i d i f i e d  gases evaporate,  pass ing  t h e  l i q u i d  s t a g e  

( v o l a t i l i z i n g ) ,  and t h e  s o l i d  par t ic les  occurr ing  i n  them as impur i t i e s  s e t t l e  

on t h e  su r face  of t h e  nucleus and form a more or less t h i c k  l aye r  o f  s o l i d  d u s t .  

The poor hea t  conduction of t h i s  l a y e r  prevents  t he  "g lac ia l"  nucleus from 

vaporizing too  quick ly  and guarantees  t h e  comet a f a i r l y  long ex is tence .  
L 

When w e  speak of cometary " icesf1 ,  w e  may be  making use  o f  an inaccura t e  

I 
r ep resen ta t ion ,  namely t h a t  t hese  p ieces  of  i c e  are similar i n  dens i ty ,  l e t  us  

say,  t o  t h e  well known greenish  chunks o f  r i v e r  i c e  which w e  know so well. In 
a c t u a l  fact  t h i s  i s  not  t h e  case .  Cometary nuc le i ,  cons t an t ly  d i s i n t e g r a t i n g ,  

form meteor showers. Particles of t h e s e  showers and sporad ic  meteoric  bodies ,  

which have long s i n c e  l o s t  con tac t  with t h e i r  meteoric  ances to r s ,  c o l l i d e  with t h e  
Earth and rush along t h e  hor izon  as meteors.  

is  caught on a photographic p l a t e ,  i t s  spectrum s tudied ,  i t s  o the r  phys ica l  

p rope r t i e s  s tud ied ,  and e s p e c i a l l y ,  i f  it is  c l e a r  how t h e  meteoric  body slowed 

up i n  t h e  atmosphere, then it i s  poss ib l e  t o  determine the  mean dens i ty  o f  t h i s  

p a r t i c l e  of  t h e  cometary nucleus.  According t o  many q u i t e  r e l i a b l e  d a t a ,  t h i s  

And i f  a t  such moments t h e  meteor / 5 8  

5 dens i ty  approaches 0 . 1  g/cm . In o the r  words, t h e  cometary "ices" i n  t h e i r  

dens i ty  are more s imilar  t o  very l i g h t  snow than t o  anything l i k e  the  dens i ty  of  

i c e .  

In  comparing a s t e r o i d s  with comets we s h a l l  no t  go i n t o  d e t a i l  about t h e  

Let us  phys ica l  processes  which t ake  p l ace  i n  t h e  t a i l s  and heads of  comets. 

only mention t h a t  t h e  gradual ly  renewed atmosphere of a comet e x i s t s  mainly 

under the  inf luence  o f  s o l a r  r a d i a t i o n ,  e lectromagnet ic  and corpuscular .  The 

r o l e  of  t h e  former i s  not only t o  h e a t  t h e  cometary nucleus and, so t o  speak, 

s t imu la t e  a l l  of  t h e  a c t i v e  processes  observed i n  comets. 

s o l a r  rays  i s  a r e p u l s i v e  f o r c e  which compels cometary t a i l s  (except abnormal 
ones) t o  move i n  a d i r e c t i o n  oppos i t e  t h e  Sun. 

The p res su re  of t he  

Usually,  however, l i g h t  p re s su re  proves t o  be  i n s u f f i c i e n t  f o r  expla in ing  

a l l  of  t h e  g i g a n t i c  r e p u l s i v e  a c c e l e r a t i o n  which i s  t y p i c a l  o f  t he  p a r t i c l e s  o f  

t a i l s  o f  type  I .  Here, another  f a c t o r ,  t he  corpuscular  r a d i a t i o n  of  t h e  Sun, 

p lays  the  major r o l e .  
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The stream o f  corpuscles  (mainly protons)  given off by t h e  Sun carries 
along with it a so-ca l led  "icebox" magnetic f i e l d .  Although i ts  i n t e n s i t y  i s  
extremely small  (on t h e  order  of  10-4-10-5 o e r s t e d s ) ,  t h e  i n t e r a c t i o n  of t h i s  

f i e l d  with t h e  plasma of t h e  cometary head and i t s  tai ls  when they meet proves 

t o  b e  q u i t e  considerable .  As researchers  of  t h e  las t  few y e a r s  have pointed out ,  

such i n t e r a c t i o n  can explain,  n o t  only t h e  shape o f  ta i ls  o f  type I and t h e  re-  
p u l s i v e  a c c e l e r a t i o n  observed i n  them, but  a l s o  many o t h e r  cometary phenomena. 

Two o r  t h r e e  decades ago, when t h e  physical  n a t u r e  of  comets was poorly known, 

hypotheses were expressed about t h e  c l o s e  r e l a t i o n s h i p  ( i f  n o t  i d e n t i t y )  between 

comets and a s t e r o i d s .  I n  t h i s  matter re ference  was made t o  t h e  o l d  observat ions 
of W. Herschel and Schroeter ,  as though they had seen Ceres and P a l l a s  surrounded 

by some kind of nebulous s h e l l .  Mention was a l s o  made of  t h e  much more recent 
(1928) observat ions o f  Komas-Sol, who was convinced t h a t  he had s u c c e s s f u l l y  

ascer ta ined  a nebulous s h e l l  on t h e  a s t e r o i d s  Okeana and El 'za .  On t h e  o t h e r  

hand, mention was made of  t h e  unique comet of Schwassmann-Wachmann, r o t a t i n g  

around t h e  Sun i n  a s l i g h t l y  elongated e l l i p s e  between t h e  o r b i t s  o f  J u p i t e r  

and Saturn.  Some of  t h e s e  comets (e .g . ,  1913-111) had a s c a r c e l y  d i s t i n g u i s h a b l e  

coma. 

- /59 

Today a l l  of t h e s e  d e l i b e r a t i o n s  seem inconclusive.  There a r e  absolu te ly  

no cons tan t  gaseous s h e l l s  around a s t e r o i d s .  

of a comet i s  an extremely c h a r a c t e r i s t i c  and always observed d e t a i l  o f  these  

c e l e s t i a l  bodies.  The nucleus of a comet, o f  t h e  consis tency of l i g h t  snow, is  

formed of t i n y  s o l i d  p a r t i c l e s .  

inescent  i n  t h i s  regard of  p lane tary  s a t e l l i t e s  o r  meteor i tes .  

On t h e  o t h e r  hand, t h e  atmosphere 

A l l  of  t h e  small p l a n e t s  a r e  monoliths,  rem- 

Only a few cometary o r b i t s  resemble t h e  o r b i t s  o f  a s t e r o i d s  to  a s l i g h t  

ex ten t  (e .g . ,  t h e  o r b i t  o f  t h e  comet Oterma). 

combinations of elements of cometary and a s t e r o i d a l  o r b i t s  t h e r e  is almost 

nothing i n  common. Thus, f o r  example, t h e  semi-major a x i s  o f  t h e  o r b i t s  of  a l -  

most a l l  a s t e r o i d s  i s  i n c l i n e d  within l i m i t s  o f  2 . 2  t o  3 .6  AU. Comets are 

d i f f e r e n t :  t h e  mean index of t h e  semiaxis of t h e  o r b i t  of shor t -per iod  comets i s  
equal t o  5.9 AU. A s  f a r  a s  long-period comets a r e  concerned (and these  a r e  t h e  

major i ty) ,  t h e i r  semiaxes exceed t h e  semiaxes of a s t e r o i d a l  o r b i t s  by tens  and 

hundreds of times. 

But on t h e  whole i n  a l l  of  t h e s e  
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There is j u s t  as much d i f f e r e n c e  i n  t h e  spread of  t h e i r  e c c e n t r i c i t i e s .  

About 98% of  t h e  a s t e r o i d s  have o r b i t s  with e c c e n t r i c i t i e s  no t  exceeding 0.33. 

However, even shor t -per iod  comets (with some exceptions) have e c c e n t r i c i t i e s  

g r e a t e r  than 0 .4 .  

p e r i h e l i o n  longi tudes,  t h e i r  nodes and t h e i r  i n c l i n a t i o n s ,  comets r a t h e r  

"replenisht1 t h e  a s t e r o i d s  than form any s i m i l a r i t y  t o  them. 

To t h i s  w e  can add t h e  f a c t  t h a t  i n  t h e  d i s t r i b u t i o n  of  t h e i r  

I 

I 

< In  c e l e s t i a l  mechanics a t t e n t i o n  i s  given t o  a magnitude c a l l e d  Jacobian 

functions13. I t  can be proven t h a t  i f  s e v e r a l  c e l e s t i a l  bodies  have a common 

o r i g i n ,  t h e i r  Jacobian func t ions  should be very c l o s e  t o  each o t h e r .  This is 
explained by t h e  f a c t  t h a t ,  no matter what per turba t ions  t h e i r  o r i g i n a l  o r b i t s  

have been subjected t o ,  t h e i r  Jacobian funct ions remain almost unchanged. 

The physical  concept of  Jacobian func t ions  i s  q u i t e  simple.  Imagine an 

a s t e r o i d  t r a v e l i n g  along under t h e  inf luence  of a t t r a c t i o n  by t h e  Sun and by /60 
J u p i t e r  ( t h e  a t t r a c t i o n  of  t h e  o t h e r  bodies is n e g l i g i b l e ) .  Here it is  presumed 

t h a t  t h e  Sun and J u p i t e r  r o t a t e  around t h e  common c e n t e r  of t h e i r  masses i n  

c i r c u l a r  o r b i t s .  

and t h e  Sun, t h e  f u l l  energy of  t h e  a s t e r o i d  w i l l  b e  t h e  Jacobian funct ion i n  

such r e l a t i v e  movement. 

If  t h e  motion of t h e  a s t e r o i d  i s  viewed i n  r e l a t i o n  t o  J u p i t e r  

These t h e o r e t i c a l  conclusions have success ive ly  withstood expert  v e r i f i -  
I c a t i o n  a number of times. 

t h e  Jacobian funct ions a r e  almost i d e n t i c a l .  

Jacobian func t ions  of  comets and a s t e r o i d s  is  a quest ion upon whose s o l u t i o n  

depends a f i n a l  answer concerning t h e  r e l a t i o n s h i p  of  these  c e l e s t i a l  bodies .  

Jacobian func t ions  f o r  a s t e r o i d s  and comets have been determined by many 

Thus, l e t  us say, i n  a s t e r o i d s  of one and t h e  same f a m i l y  
Whether t h e r e  i s  a s i m i l a r i t y  i n  t h e  

researchers ,  bu t  conclusive r e s u l t s  had a l ready  been achieved by 1939 by A.  N .  

Chibisov ( f o r  a s t e r o i d s )  and by T. V .  Vodop'yanova ( f o r  comets). The Jacobian 
funct ions 11 turned out  t o  b e  r e s t r i c t e d  t o  comparatively narrow l i m i t s  f o r  

a s t e r o i d s :  

-805- 10-'>h> - 1075.10-7 

~ . - - - .  . .  ~ __ - . . ;_-_ ~ _ -  _ _ -  - - . . _ -  . _? . = -  

13For more d e t a i l s  see I .  I .  P u t i l i n ,  [l]. 
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Let us note  t h a t  i f  h i s  inspected f o r  s e p a r a t e  a s t e r o i d  f ami l i e s ,  it i s  

almost one and t h e  same wi th in  the  l i m i t s  o f  one family.  

found ly ing  wi th in  very l a r g e  l i m i t s :  

For comets h has  been 

-8859. 10-7<h< + 178- lo-'. 

In t h e  post-war years  analogous r e s u l t s  were obtained by G .  F .  Sultanov. 

I t  i s  evident  t h a t  h i s  d i f f e r e n t  f o r  comets and a s t e r o i d s .  This last  

argument only complements what has been s a i d  above about t h e  d i s s i m i l a r i t y  

between comets and a s t e r o i d s  i n  a l l  phys ica l  p r o p e r t i e s .  C e l e s t i a l  mechanics 

only confirms t h i s  conclusion t h a t  t h e r e  i s  nothing i n  common between comets and 

a s t e r o i d s .  These small  bodies  of  t he  s o l a r  sys tems have d i f f e r e n t  phys ica l  

na tures  and d i f f e r e n t  o r i g i n s .  

Our modern concept is  t h a t  our p l ane ta ry  system is  surrounded on a l l  s i d e s  

by a g igan t i c  cloud made up of  a l a r g e  number of chunks of  "impure" ( i .  e . ,  having 

s o l i d  inc lus ions)  i c e .  Each such g l a c i a l  lump is  a p o t e n t i a l  cometary nucleus.  

Flying near  t he  Sun it i s  heated,  acquires  a gaseous head and t a i l s ,  o r  i n  o the r  

words turns  i n t o  a t y p i c a l  comet. But such cases  a r e  not f requent  and t h e  

major i ty  o f  p o t e n t i a l  cometary nuc le i  making up t h i s  "cloud of  Oort", has an /61 
e l l i p t i c a l  o r b i t  with semiaxes of  from 50 t o  150,000 AU. Along with t h i s  t h e i r  

o r b i t a l  e longat ions and t h e i r  i n c l i n a t i o n s  t o  t h e  p lane  of  t he  t e r r e s t r i a l  o r b i t  

a r e  extremely d i f f e r e n t .  A s  t h e  well-known Leningrad astronomer G .  A .  Chebotarev 

demonstrated i n  1964, under t h e  inf luence  of  pe r tu rba t ions  on the  p a r t  of  t h e  

core  o f ' t h e  Galaxy and ind iv idua l  near  s tars ,  lumps from Oor t ' s  cloud can e i t h e r  

leave  t h e  s o l a r  system forever  i n  a hyperbol ic  o r b i t  o r  conversely approach t h e  

Sun and become regu la r  shor t -per iod  comets. T h i s  l a t t e r  v a r i a t i o n  is  t h e o r e t i -  

c a l l y  supported i n  t h e  works of  t h e  t h e o r e t i c i a n  from Riga, K .  A .  Schteyns. 

Di rec t  observat ions a r e  a c t u a l l y  a v a i l a b l e  t o  us i n  t h e  f a c t  t h a t  many o f  

t he  long-period comets come i n t o  the  v i c i n i t y  of  t h e  Sun from i n t e r s t e l l a r  space 

from dis tances  near ly  half-way between t h e  Sun and Alpha Centauri .  

i 

Enter ing a shor t -per iod  o r b i t ,  a p o t e n t i a l  cometary nucleus acquires  a coma, 

and then a t a i l ,  and i n  t h i s  way begins  i t s  journey o f  gradual des t ruc t ion .  
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In  every passage c l o s e  t o  t h e  Sun a comet lo ses  matter from i ts  nucleus.  

An encounter o f  t h i s  nucleus with a random meteor i te  can convert  t h e  nucleus 

i n t o  an aggregat ion o f  small fragments;  is t h i s  not what happened with B ie l a ' s  

famous comet? However, f o r  some comets with very loose n u c l e i  and p e r i h e l i a  

near  t h e  Sun, t h e  s o l a r  globe i t s e l f  may simply prove t o  be  d e s t r u c t i v e .  

how t h e  b r igh tness  o f  a comet, as was e s t ab l i shed  some decades ago by t h e  famous 

Sovie t  comet i n v e s t i g a t o r  S. K.  Vsekhsvyatskiy, i s  reduced wi th  every r evo lu t ion  

around t h e  Sun and only 150-200 r evo lu t ions  are  necessary f o r  t h e  comet t o  

completely d i s i n t e g r a t e .  However, t hese  conclusions are not  ind isputab le .  The 

r e sea rche r  from Leningrad, G .  A. Chebotarev, maintains t h a t  t h e  ages o f  comets 

may be hundreds and thousands o f  times g r e a t e r .  

Some- 

I t  i s  poss ib l e  t h a t  t h e  replacement source f o r  comets is not  only t h e  

numerous g l a c i a l  lumps which are  found i n  t h e  per iphery of t h e  s o l a r  system. 

AS S. K .  Vsekhsvyatskiy sugges t s ,  explosive and e rup t ive  processes  on la rge  
p l ane t s  and on t h e i r  s a t e l l i t e s  may lead  t o  t h e  e j e c t i o n  of i c e  covered lumps 

i n t o  in t e rp l ane ta ry  space.  Under t h e  inf luence  of s o l a r  r a d i a t i o n  each of t hese  

lumps has every opportuni ty  o f  becoming a comet. 

There are no u n i v e r s a l l y  recognized hypotheses f o r  t h e  o r i g i n  o f  comets. 

However, it is  c l e a r  t h a t  whatever is  decided from the  d iscuss ions  now going on 

about t h i s  problem, we can i n  no wise expla in  t h e  o r i g i n  of comets as w e  have 

explained t h e  formation of  t h e  a s t e r o i d  b e l t  i n  t he  s o l a r  system. 

/62 

Now we s h a l l  t u r n  t o  meteor i tes  and t r y  t o  show t h a t  t h e r e  i s  more than a 

s i m i l a r i t y  between a s t e r o i d s  and me teo r i t e s .  In essence a s t e r o i d s  and meteor- 

i t e s  are  bodies  of one na tu re .  We c a l l  meteor i tes  those  a s t e r o i d s  which, occupy- 

ing a very elongated e l l i p t i c a l  o r b i t ,  c o l l i d e  with our Earth and a s  a r e s u l t  

drop t o  t h e  t e r r e s t r i a l  su r f ace .  

Unfortunately t h e r e  are  few r e l i a b l y  determined me teo r i t e  o r b i t s .  No one 

knows ahead o f  t ime where and when a me teo r i t e  w i l l  f a l l .  The f a l l  o f  a meteor- 

i t e  takes  p l ace  i n  a completely unexpected manner, i t s  f l i g h t  i n  t h e  atmosphere 

lasts only a few seconds and only occas iona l ly ,  i n  a pure ly  random manner, are 

t h e r e  r e l i a b l e  s i g h t i n g s  o f  t h e  f l i g h t  of  a me teo r i t e  between two or more p o i n t s .  
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Under such condi t iops  simple computations provide a l l  t h e  elements o f  t h e  i n i t i a l  
o r b i t  o f  t h e  celest ia l  body c o l l i d i n g  with t h e  Earth.  

Such an except iona l ly  f o r t u n a t e  s i t u a t i o n  occurred once on 12 February 

1947, when a l a r g e  m e t e o r i t e  f e l l  i n  t h e  Far East i n  t h e  region of t h e  Sikhote- 

-Alin range. 

on t h e  s u r f a c e  of  t h e  Earth and from an a i r p l a n e ,  and t h e  a r t i s t  Medvedev from 

t h e  c i t y  o f  Iman was even a b l e  t o  p o r t r a y  t h i s  unexpected " d e t a i l "  on a land- 

scape drawn by him. 

This f l i g h t  was witnessed by hundreds of  observers ,  both 

On ent ry  i n t o  t h e  terrestr ia l  atmosphere t h e  mass o f  t h e  Sikhote-Alin 

meteor i te  cons is ted  roughly o f  a thousand t o n s ,  Braked i n  t h e  atmosphere, t h e  

meteor i te  exploded i n t o  a l a r g e  number of  fragments which f e l l  upon t h e  Earth,  

thus causing cone-shaped depressions,  so-ca l led  impact meteor i te  craters. Among 

t h e  fragments s e n t  t o  Moscow a r e  some extremely t i n y  ones, weighing p a r t  of a 

gram, and chunks weighing almost two tons.  

The o r b i t  of t h i s  space v i s i t o r ,  computed by N. B.  Divar i ,  proved t o  b e  

extremely noteworthy. I t s  semi-major a x i s  equal led 2.16 AU, and i t s  e c c e n t r i -  

c i t y  was 0.54. Per ihe l ion  was loca ted  c l o s e  t o  t h e  t e r r e s t r i a l  o r b i t ,  o r b i t a l  

i n c l i n a t i o n  amounted t o  9.4' and t h e  d i s t a n c e  from t h e  Sun a t  aphel ion was 3 . 3  

AU (Figure 15) .  In  s h o r t ,  t h e  fragments, c a l l e d  t h e  Sikhote-Alin meteor i te  

by us,  came t o  us from t h e  a s t e r o i d  b e l t ,  from t h e  very densest  p a r t  of t h e  

a s t e r o i d  r i n g .  This case is  f a r  from being s i n g u l a r .  

In  t h e  Spring of 1959 Czechoslovak astronomers a t  s e v e r a l  s t a t i o n s  mounted 

s p e c i a l  automatic cameras. And i t  was necessary f o r  t h i s  t o  be done; on 7 Apri l  

1959 not  a simple meteor i te ,  bu t  a swarm of  meteor i tes ,  a real meteor i te  shower, 

f l e w  down onto Czechoslovakia t o  rece ive  t h e  name Pshibram. I t  i s  remarkable 

t h a t  t h e  f l i g h t  of meteor i tes  was photographed a t  t h e  same time from two p o i n t s  

40 km a p a r t .  

from space could not withstand t h e  r e s i s t a n c e  of  t h e  atmosphere and without reach- 

ing  t h e  e a r t h  exploded i n t o  a l a r g e  number of  fragments forming a meteor i te  

shower. The o r i g i n a l  o r b i t  of t h e  meteor i te  was e s t a b l i s h e d  much more r e l i a b l y  

than was done f o r  t h e  Sikhote-Alin meteor i te .  

- / 6 3  

E s s e n t i a l l y  t h e  same th ing  had happened i n  1947. A f r a g i l e  lump 
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TuDiter 

Figure 15. Orbi t  o f  t h e  Sikhote-Alin 
Meteori te .  

Again it was poss ib l e  t o  confirm 

t h a t  t h e  v i s i t o r  honoring us came from 

t h e  a s t e r o i d  b e l t ,  b u t  t h i s  t i m e  t h e  

aphel ion of t h e  o r b i t  of  t h e  Pshibram 

meteo r i t e  was loca ted  c l o s e r  t o  t h e  

o r b i t  of  J u p i t e r .  If t h i s  c o l l i s i o n  

with t h e  Earth had not  been f a t a l  f o r  

t h e  meteor i te ,  it would have gone 

almost as c l o s e  t o  t h e  Sun as Venus. 

Compare t h e  o r b i t s  o f  t h e  Sikhote-  

-Alin me teo r i t e  and Pshibram meteor i tes  

with t h e  o r b i t s  of t h e  a s t e r o i d  Icarus .  

They are extremely uniform, and t h i s  i s  
not  a random s i m i l a r i t y ,  s i n c e  it i s  

supported by o t h e r  da t a .  

The Sikhote-Alin me teo r i t e  was a very small body; upon i t s  en t ry  i n t o  t h e  

t e r r e s t r i a l  atmosphere i t s  diameter  d id  not exceed a few meters.  But i t  managed 

t o  s t r i k e  t h e  Earth,  and t h i s  happens o f t e n  with far l a r g e r  meteor i tes .  

I If  t h e  mass of  t h e  me teo r i t e  is considered t o  be s e v e r a l  thousands o f  tons  /64 

I 
- 

o r  even more, t h e  t e r r e s t r i a l  atmosphere i s  not  ab le  t o  brake t h e  body from 

-. space.  With i t s  o r i g i n a l  v e l o c i t y  almost unchecked, i t  d igs  i n t o  t h e  su r face  o f  

t h e  Earth,  a t  which t ime t h e  k i n e t i c  energy of  t h e  me teo r i t e  t u rns  i n t o  t h e  

energy of  a massive explosion.  

s c r i p t i v e  phenomenon, bu t  an abso lu te ly  exact  d e s c r i p t i o n  o f  i t s  phys ica l  char-  

ac te r i s t ics .  When i t  c o l l i d e s  with t h e  Earth t h e  c r y s t a l  l a t t i ce  of t he  meteo- 

r i t e  i n s t a n t l y  breaks a p a r t  and t h e  me teo r i t e  e s s e n t i a l l y  becomes, no t  a s o l i d  

body, bu t  an extremely condensed gas.  
e r a t e s  energy. I t  is  es t imated  t h a t ,  i f  t h e  ve loc i ty  o f  t h e  shock i s  equal  t o  

4 km/sec,  t h e  me teo r i t e  explodes with as much power as an equal  amount of  TNT. 

With an inc rease  i n  v e l o c i t y ,  t h e  l i b e r a t i o n  of  energy inc reases  r ap id ly .  That 

is  why encounters between g i g a n t i c  meteor i tes  and t h e  Earth leave  so -ca l l ed  

"scars f f  on t h e  s u r f a c e  o f  t h e  Earth,  t h e  c r a t e r s  o f  exploded me teo r i t e s .  

The term "explosion" h e r e  i s  no t  a merely de- 

The gas expands p r e c i p i t o u s l y  and l i b -  

In  
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form they suggest  t h e  cones caused by exploding bombs o r  mines, and i n s i d e  them 

t h e r e  are very l i t t l e  t r a c e s  o r  none a t  a l l  o f  me teo r i t e  fragments ( the  mass of 

t h e  meteor i te  p r a c t i c a l l y  v o l a t i l i z e s  upon explos ion) ,  bu t  t h e  dimensions o f  

such c r a t e r s  may be  extremely impressive.  

t o  c lose ly  estimate t h e  s i z e s  o f  meteor i tes  which form such explos ive  c r a t e r s .  

In  t h i s  way theory makes it poss ib l e  

Un t i l  recent  times t h e  l a rge  me teo r i t e  c r a t e r  i n  Arizona was considered 

t h e  l a r g e s t .  I t  has  a diameter of  1 . 2  km, it goes down as deep as 175 meters ,  

and aga ins t  t h e  uniform background of t h e  Arizona d e s e r t  t h i s  s c a r  from space 

i s  extremely no t i ceab le .  I t  can be  ca l cu la t ed  t h a t  about 25,000 yea r s  ago a t  

t h i s  spo t  a meteor i te ,  with a diameter o f  about 25 m and a weight on t h e  order  

of  60 t o  70,000 tons ,  plowed i n t o  t h e  Earth.  

Recently me teo r i t e  craters o f  much g r e a t e r  s izes  have become known. In 

South America, f irst  by a i r p l a n e  and l a t e r  on t h e  ground, g i g a n t i c  

meteor i te  c r a t e r s  with diameters up t o  32 km were observed. The so -ca l l ed  r i n g  

of  Vredefort ,  with a diameter  o f  50 km, has been known i n  South Afr ica  f o r  a 

long t ime. I t  can be  ca l cu la t ed  t h a t  t h i s  s c a r  on t h e  face  o f  t h e  Earth is  t h e  

r e s u l t  of  t h e  f a l l  of  a me teo r i t e  having a diameter  around 1 . 5  km. 

But even such an immense lump does not match t h e  s i z e  of Icarus ,  Hermes and 

t h e  l a rge  number of t y p i c a l  a s t e r o i d s  known t o  us .  On t h e  o the r  hand, a ne teor -  

i t e  c r a t e r  with a diameter  around 250 km was r e c e n t l y  s igh ted  i n  Antarc t ica  

under a l aye r  of i c e .  Some researchers  adduce convincing arguments t o  support  

t h e  fact  t h a t  t he  bulge of Hudson's Bay i s  only p a r t  o f  t he  embankment from a 

c r a t e r  caused long ago by an exploding meteor i te  with a diameter of  440 km. 

then i t  tu rns  ou t  t h a t  t h e  Earth preserves  t h e  t r a c e s  o f  encounters with 

asteToids possessing diameters  i n  t ens  of k i lometers !  

/65 

But 

This suggests  t h e  n a t u r a l  conclusion t h a t  both i n  r e spec t  t o  o r b i t s  and i n  

r e spec t  t o  s i z e  meteor i tes  and t h e  sma l l e s t  of  t h e  known a s t e r o i d s  resemble each 

o the r .  

The few phys ica l  c h a r a c t e r i s t i c s  of  a s t e r o i d s  which can be  determined 

immediately from astronomical  observat ions and, on t h e  o the r  hand, d a t a  from 

the  labora tory  s tudy  of  meteor i tes  again i n d i c a t e  c l o s e  r e l a t i o n s h i p  between 

these  c e l e s t i a l  bodies .  
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The o s c i l l a t i o n  and b r i g h t n e s s  o f  a s t e r o i d s  i n d i c a t e  t h e i r  imperfect ,  

fragmentary shape. But t h i s  i s  t h e  same shape which meteor i tes  have. Under 

labora tory  condi t ions  it is  p o s s i b l e  t o  determine t h e  c o l o r  index f o r  var ious  

meteori tes ,  f o r  t h e  s t e l l a r  magnitude i s  a s tandard of b r i g h t n e s s  measured by 

labora tory  equipment. 

The c o l o r  ind ices  of m e t e o r i t e  a r e  within t h e  l i m i t s  o f  +0.76m t o  +lm.39, 

amounting t o  +1.08 on t h e  average. 

a r e  +0.7gm and +1.37m, with a mean va lue  of + l . O O m ,  i . e . ,  p r a c t i c a l l y  t h e  same 

as i n  meteor i tes .  

m For a s t e r o i d s  t h e  l i m i t s  o f  t h e  c o l o r  index 

Let us say a few words about t h e  d i s s o c i a t i o n  products of  comets and 

a s t e r o i d s .  They a r e  d i v e r s e ,  j u s t  as t h e s e  small bodies  themselves a r e  d iverse .  

S p l i t t i n g  and breaking a p a r t ,  cometary n u c l e i  normally generate  loose,  snow-like 

meteor bodies .  Judging from appearances,  t h e  process  of  a s t e r o i d  shr inkage (as  

a r e s u l t  o f  mutual c o l l i s i o n s )  leads t o  t h e  formation of  t i n y  s o l i d  space dus t .  

Up-to-date elements of space apparatus record p a r t i c l e s  of dus t  with a weight of 

only grams, but  even t h i s  i s  ev ident ly  not  t h e  l i m i t  o f  fragmentation o f  

a s t e r o i d a l  m a t e r i a l .  

I 

I 

I t  i s  n a t u r a l  t o  th ink  t h a t  t h e  t i n i e s t  fragments from a s t e r o i d s  a r e  much 

more compact than t y p i c a l  meteor bodies ,  i n  t h i s  regard  approaching i r o n  and 

s tone  meteor i tes .  Academician V .  G .  Fesenkov s tudied  t h e  process  of  gradual 
decay, l ldisaggregat ionl l  o f  a s t e r o i d s  from a q u a n t i t a t i v e  poin t  o f  view14. 

r e s u l t  of c a l c u l a t i o n s  c a r r i e d  out  by him, he came t o  t h e  conclusion t h a t  "no 

matter  i n  what way f r a c t i o n i z a t i o n  o f  t h e  a s t e r o i d s  occurred, no matter a t  what 

speed e j e c t i o n  occurred, a cons iderable  p a r t  of t h e  cosmic d u s t  must be 

concentrated i n  t h e  a s t e r o i d  b e l t . "  

As a /66 - 

Thus t h e  cosmic dus t  i s  concentrated wi th in  t h e  a s t e r o i d  b e l t  and i n  t h e  

c l o s e  v i c i n i t y  of  t h e  a s t e r o i d  r i n g .  

t h e  e n t i r e  p lane tary  system, forming t h e  main c o n s t i t u e n t  of  t h e  so-ca l led  

But a f i n e  dusty v e i l  ev ident ly  embraces 
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zodiacal  l i g h t 1 5 .  

t h e i r  s a t e l l i t e s  do n o t  change t h e  general  p i c t u r e .  Is not  t h e  cloud o f  d u s t  

envelopping t h e  p l a n e t a r y  system a graphic  i n d i c a t i o n  o f  t h e  gradual d i s i n t e -  

g r a t i o n  o f  t h e  a s t e r o i d  r i n g  which i s  t o  end i n  i t s  complete disappearance? 

Local aggregat ions i n  t h e  v i c i n i t y  of  t h e  major p l a n e t s  and 

ASTEROIDS I N  T H E  LABORATORY 

The r e f l e c t i o n s  i n  t h e  previous s e c t i o n  f u l l y  j u s t i f y  t h e  t i t l e  of  t h i s  

s e c t i o n .  In  a c t u a l i t y ,  i f  a meteor i te  should f a l l  i n t o  t h e  labora tory ,  t h e r e  

would be every reason t o  consider  it an independent a s t e r o i d  o r ,  a t  worst ,  a 

fragment from a small p l a n e t .  

Such events do not  happen of ten .  Most meteor i tes  f a l l  i n t o  t h e  ocean o r  

onto immense, s p a r s e l y  populated s t r e t c h e s  o f  t h e  Earth and i n  t h i s  way evade 

t h e  hands of i n v e s t i g a t o r s .  If we b e l i e v e  t h e  d a t a  obtained with t h e  h e l p  of 

space devices,  many thousand tons of fragmentary s o l i d  cosmic material f a l l  

onto t h e  Earth every day. This i s  u s u a l l y  cosmic d u s t ,  small t o  very small ,  

t h e  "remains" of a s t e r o i d s  and p a r t s  of  comets. A p o r t i o n  of t h e s e  "remainst', 

on t h e  order  of  tons o r  t e n s  o f  tons,  is  a t t r i b u t e d  t o  meteor i tes .  But only a 

very few o f  them a r e  i d e n t i f i e d  and subjected t o  labora tory  i n v e s t i g a t i o n .  

Meteori tes  from 1800 f a l l s  are preserved i n  many museums of t h e  world. 

The por t ion  o f  them i n  Soviet  c o l l e c t i o n s  includes meteor i tes  /67 
( ind iv idua l  specimens and fragments) from 134 fa l l s .  Let us note  t h a t  i n  f a l -  

l i n g  o r  i n  s t r i k i n g  t h e  Earth some meteori tes  a r e  broken up i n t o  a l a r g e  number 

of  fragments. Thus, f o r  example, around 3,000 fragments were c o l l e c t e d  from 

t h e  meteor i te  shower a t  Pultusk i n  1868. For t h i s  reason t h e  number of  meteor- 

i t e  specimens is  far  g r e a t e r  than t h e  number of  f a l l s .  However, t h e  t o t a l  mass 

of a l l  meteori tes  c o l l e c t e d  and s tudied  i s  very small. 

Because of t h e  d i f f i c u l t i e s  of moving them and f o r  o t h e r  reasons,  some of 
t h e  meteori tes  found cont inue t o  l i e  on t h e  sur face  o f  t h e  Earth and a t t r a c t  

cur ious t o u r i s t s .  Such, f o r  example, is  t h e  Hoba meteor i te  (60 t o n s ! )  found 

. - .  -.. ? -?-. - . .  .. = . . :  . . =  . . - . . ~ - -- . i _L - . -~ . . _ _  ~ 
~~ - 

15Electrons which ref lect  s o l a r  l i g h t  are a l s o  found i n  t h e  zodiacal  l i g h t .  
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A 

i n  Southwest Afr ica  o r ,  l e t  us  say, t h e  Bacubir i to  meteor i te  (weight 27 tons)  

found i n  Mexico. 

Greenland meteor i te  preserved i n  t h e  New York Planetarium. 

of weighing 34 tons  ! 

The l a r g e s t  meteor i te  found i n  a museum is t h e  famous 
I t  i s  j u s t  s h o r t  

- 
grav i ty  of  t h e  Earth,  by t h e  r e s i s t a n c e  of t h e  t e r r e s t r i a l  atmosphere. The 

f l i g h t  always takes  p l ace  a t  supersonic  ve loc i ty  and f o r  t h i s  reason a very 

hot  and b r i g h t  shock wave is  generated i n  f r o n t  of  t h e  f l y i n g  meteor i te .  

c o l l i s i o n  with molecules i n  t h e  a i r  t h e  su r face  of t he  meteor i te  melts and 

v o l a t i l i z e s ,  and thus  t h e  atmosphere gradual ly  wears away t h e  meteor i te ,  l a y e r  

by layer .  If it is not  tough enough, t h i s  i nev i t ab ly  causes the  meteor i te  t o  

d i s i n t e g r a t e  i n t o  small fragments. 

s tones  and g ives  them a s t reamlined appearance. 

A meteor i te  c o l l i d i n g  with our  p l ane t  i s  f i rs t  a f f ec t ed ,  not  counting t h e  

Under 

The atmosphere t te rodes t t  tough c e l e s t i a l  

The l i t e r a t u r e  about meteor i tes  i s  q u i t e  ex tens ive .  For a beginning we 

recommend t o  those  who a r e  i n t e r e s t e d  i n  d e t a i l  two r e l i a b l e  monographs which 

i n c i d e n t a l l y  inc lude  a l i s t  of o the r  books on t h e  same sub jec t  [S, 61. Here, 
however, we s h a l l  l i m i t  ourse lves  t o  a b r i e f  c h a r a c t e r i z a t i o n  of t h e  phys ica l  

and chemical p rope r t i e s  of me teo r i t e s .  

By composition and s t r u c t u r e  meteor i tes  a r e  divided i n t o  t h r e e  b a s i c  groups: 

i rons  ( s i d e r i t e s ) ,  s tones  ( a e r o l i t e s )  , and s tony- i rons  (mesos ider i tes )  . 
I ron  meteor i tes  (Figure 16) present  a fus ion  of i r o n  with n i cke l ,  t h e  

l a t t e r  being present  t o  a no t i ceab le  degree (from 5 t o  30%). 

t i o n  t o  t e r r e s t r i a l  i ron ,  meteor i te  i r o n  i s  hammered e a s i l y  when cold.  

s e s ses  a pecu l i a r  c r y s t a l l i n e  s t r u c t u r e  which shows up on some i r o n  meteor i tes  

i f  t h e  su r face  is  pol i shed  and etched with a weak ac id  s o l u t i o n .  Then f i g u r e s  

a r e  d i s t ingu i shed  which somewhat resemble t h e  f r o s t  p a t t e r n s  on windows. 

so -ca l l ed  Widmanstaetten f i g u r e s  a r e  c h a r a c t e r i s t i c  of o c t a h e d r i t e s ,  a s p e c i a l  

v a r i e t y  of i r o n  meteor i tes .  In  o the r  v a r i e t i e s ,  hexahedr i tes ,  urider t h e  same 

condi t ions  w e  f i n d  a network of very t h i n  s t r a i g h t  l i n e s  c a l l e d  Neumann l i n e s .  

While t h e  Widmanstaetten f i g u r e s  a t tes t  t o  t h e  f a c t  t h a t  formation took p l ace  

under g r e a t  p re s su re  and temperature,  i . e . ,  i n  t h e  depths of a f a i r l y  l a r g e  

In c o n t r a d i s t i n c -  

I t  pos- /68 

These 
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plane t ,  Neumann l i n e s  are ev ident ly  t h e  t r a c e s  o f  explosive shock waves made 

when t h e  p l a n e t  exploded. 

Neumann l i n e s  could have been formed a t  t h e  t ime of condensation of  t h e  o r i g i n a l  

body i f  drops i n  temperature wi th in  it were very g r e a t .  

p o s s i b l e  t h a t  Neumann l i n e s  came i n t o  being as t h e  r e s u l t  o f  "temperature" 

s t r e s s e s .  

spicuous c r y s t a l l i n e  s t r u c t u r e  of t h e i r  own. 

However, i n  t h e  opinion o f  a number of researchers ,  

In  o ther  words., it is  

Iron meteor i tes  a l s o  include a t a x i t e s  which do not  have any con- 

Stone meteor i tes  a r e  composed 

predominantly of  s i l i c a t e s ,  i . e . ,  

s i l i c e o u s  compounds with a su lphur  

grey c o l o r  a t  f r a c t u r e ;  n icke l  /69 
i r o n  a l s o  appears h e r e  i n  t h e  form 

of  s e p a r a t e  shiny gra ins  s c a t t e r e d  

throughout t h e  s t o n e  mass. Other 

g r a i n s  o f  a golden bronze c o l o r  

can be d is t inguished;  t h i s  i s  

t r o i l i t e ,  a compound of i r o n  with 

sulphur .  Almost black s tone  Figure 16. 
-Alin Meteori te .  meteor i tes ,  o r  conversely very 

Fragment of t h e  Sikhote- 

b r i g h t  ones, are r a r e l y  found. 

Two subclasses  of s t o n e  meteor i tes ,  chondr i tes  and achondr i tes ,  a r e  divided 

mainly by t h e  f a c t  t h a t  t h e  f i r s t  have chondri ,  small  round v i t r e o u s  formations 

ranging from microscopic b i t s  t o  t h e  s i z e  o f  peas (Figure 17) .  Most chondri  

have diameters on t h e  order  of  1 nun. 

t h e  mass of t h e  meteor i te ,  s o  they a r e  q u i t e  e a s i l y  not iced  on a f r e s h l y  

broken sur face .  

They a r e  u s u a l l y  d i s t r i b u t e d  throughout 

Around 90% of  a l l  s tone  meteori tes  can be c l a s s i f i e d  as chondri tes .  

Chondri a r e  not found i n  achondri tes ,  which sometimes have a rubbly s t r u c t u r e .  

They do not  have any (or  almost no) n icke l  i r o n .  

A s p e c i a l  group of  carbonaceous chondri tes ,  r i c h  i n  organic  matter, must 
be s ing led  out from t h e  s tone  meteor i tes .  They are very b r i t t l e ,  do not  p e r s i s t  
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wel l  and a r e  t r easu red  as g r e a t  rareties: only a sco re  o f  carbonaceous 

chondr i tes  have been c o l l e c t e d  i n  t h e  whole world. When crushed between t h e  

f inge r s ,  t h e  subs tance  o f  carbonaceous chondr i tes  g ives  o f f  t h e  c h a r a c t e r i s t i c  

odor o f  o i l ,  a s ign  o f  t h e  presence o f  bituminous compounds i n  t h e  meteor i te .  

/70 

Stony-iron meteor i tes ,  as t h e  very 

name i n d i c a t e s ,  conta in  f e a t u r e s  of 

both previous c l z s s e s .  They conta in  

approximately h a l f  n i c k e l  i r o n  and h a l f  

s i l i c a t e s .  Some o f  t h e  meteor i tes  of  

t h i s  class (so-ca l led  p a l l a s i t e s )  are 

reminiscent  of  sponge i r o n  with t h e  

c a v i t i e s  f i l l e d  with mineral  o l i v i n e .  

Natura l ly ,  t h e r e  are no sharp  

l i m i t s  between t h e  var ious  c l a s s e s  of  

meteor i tes ,  bu t  r a t h e r  an even, gradual 

t r a n s i t i o n .  Figure 17. Chondrite o f  t h e  
S taroye  Boriskino Meteor i te  
(Microscopic View). 

Chemical s tudy  of meteor i tes ,  as 

was t o  be  expected, has  revea led  only 

t h e  chemical elements which are a l s o  

known upon Earth,  one o f  t h e  graphic  i l l u s t r a t i o n s  of t h e  ma te r i a l  u n i t y  of  t h e  

universe .  Thus, no p e c u l i a r i t y  of meteor i tes  i s  found i n  t h e  q u a l i t y  of 

chemical composition, bu t  r a t h e r  i n  t h e  q u a n t i t a t i v e  r e l a t i o n s h i p s  o f  var ious  

elements, i n  t h e i r  minera logica l  s t r u c t u r e ,  and i n  some phys ica l  p e c u l i a r i t i e s  

not  t y p i c a l  o f  t e r res t r ia l  bodies .  

Most o f  t h e  t ime such chemical elements as i ron ,  n i c k e l ,  su lphur ,  mag- 

nesium, s i l i c o n ,  aluminum, and calcium a r e  found i n  me teo r i t e s .  Oxygen i s  a l s o  

p l e n t i f u l ,  bu t  is  always found i n  some kind of  chemical compound. Most char- 

ac te r i s t ic  o f  t h e  l a t t e r  f o r  me teo r i t e s  a r e  Si02,  A 1 2 0 3 ,  and Fe203. 

po in t  ou t  t h a t  such r a d i o a c t i v e  elements as uranium, helium, potassium, 

thorium, e tc . ,  have been found i n  meteor i tes .  They make it  p o s s i b l e  t o  d e t e r -  

mine t h e  age o f  meteor i tes ,  a very complex problem t o  which we s h a l l  r e t u r n .  

Let us 
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Basical ly ,  minerals  found i n  meteor i tes  are a l s o  found on Earth.  Such are, 

f o r  example, o l i v i n e  (MgFe)2Si04, magnetite (Fe 0 ) , chromite (FeCr204), etc. 

C h l o r i t e ,  an aqueous s i l i c a t e  o f t e n  found i n  mountainous rocks on Earth,  should 

be p a r t i c u l a r l y  mentioned. I t  i s  a l s o  found i n  meteor i tes ;  i n  1949 L. G .  

Kvasha not iced  bound (so-cal led c o n s t i t u t i o n a l )  water f o r  t h e  f i rs t  t i m e  i n  t h e  

c h l o r i t e  of  t h e  S taroye  Boriskino meteor i te .  I t  i s  curious t h a t  i n  t h i s  case 

water made up almost 9% of t h e  t o t a l  mass o f  t h e  meteor i te .  

water was later found i n  o t h e r  meteori tes ,  too,  and i n  carbonaceous chondr i tes  

i t s  proport ions sometimes reached 20% of t h e  t o t a l  mass. 

3 4  

C o n s t i t u t i o n a l  

Some minerals  are indigenous t o  meteor i tes  a lone .  .These include,  f o r  - /71 

example, s c h r e i b e r s i t e  and i r o n  phosphide (FeNi)3P, found i n  t h e  shape of  round 

lumps i n  t r o i l i t e .  I n  a f r e s h  condi t ion,  s c h r e i b e r s i t e  reminds one of t h e  c o l o r  

of t i n .  

The t r o i l i t e  mentioned above (a  v a r i e t y  of  FeS pyrrhot ine)  is  a l s o  a 

f requent  "meteorite" mineral  unknown under Earthly condi t ions .  There a r e  a 

number of s i m i l a r  minerals and it i s  n a t u r a l  t h a t  any hypothesis  about t h e  

o r i g i n  of meteor i tes  must f i n d  an explanat ion f o r  t h e s e  p e c u l i a r i t i e s .  

Let us d i r e c t  t h e  r e a d e r ' s  a t t e n t i o n  t o  s e v e r a l  minerals  whose ex is tence  

i n  meteori tes  may i l l u s t r a t e  t h e  p a r t i c u l a r  o r i g i n  o f  t h e s e  space bodies .  

Diamonds ( n a t u r a l l y  i n  very small  quant i ty)  were f i r s t  observed i n  meteor- 

i t es  as e a r l y  as  1888 by t h e  Russian researchers  bl .  Yerofeyev and P. Lachinov. 

Later  they were found i n  many meteor i tes ,  both s tones  and i r o n s .  Unt i l  r e c e n t l y  

i t  was thought t h a t  diamonds could be formed only i n  t h e  c e n t r a l  regions of t h e  

major p l a n e t s  under condi t ions of high pressure .  However, i t  has  become c l e a r  

t h a t  not  only s t a t i c  and g r a v i t a t i o n a l  pressure ,  bu t  a l s o  high pressure  caused 

by var ious shocks, can sometimes transform r e g u l a r  g r a p h i t e  i n t o  diamonds. 

Thus it has become uncer ta in  whether meteor i te  diamonds o r i g i n a t e d  i n  t h e  depths 

of  a major ances tora l  p l a n e t  o r  whether they were formed during c o l l i s i o n s  o f  

meteori tes  with one another .  

Quartz was f irst  found i n  1861 i n  i n s o l u b l e  sedimentat ion from many i r o n  

meteori tes .  A t  f irst  t h e  discovery o f  p r e c i p i t a t e d  rock i n  meteor i tes  aroused 
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doubts. However, impregnations o f  quar tz  were found l a t e r  i n  a s e r i e s  of 

i r o n  meteor i tes  and now t h e r e  i s  no reason t o  deny t h e i r  o r i g i n  i n  space.  

Copper occurs i n  many meteor i tes ,  both s tones  and i r o n s ,  u sua l ly  i n  t h e  

'form of very small g ra ins .  

both i n  t h e  17th century  and i n  t h e  p re sen t  per iod.  The r e l i a b i l i t y  o f  t hese  

r e p o r t s  i s  quest ioned,  b u t  as w e  s h a l l  show below, without  s u f g i c i e n t  reason. 

There are r epor t s  o f  f a l l s  o f  copper meteor i tes  

Sulphur has  been ex t r ac t ed  from some carbonaceous chondr i t e s .  F ina l ly ,  

as e a r l y  as 1834, Be rz i l i u s  [s ic] ,  and o the r  researchers  l a te r ,  no t iced  a 

s i g n i f i c a n t  amount (up t o  10%) o f  sa l ts  d isso lved  i n  water, mainly magnesium 

s u l f a t e s ,  i n  carbonaceous chondr i tes .  

A l l  of  t h e  minerals  l i s t e d  are p a r t i c u l a r l y  i n t e r e s t i n g  because they support  /72 
t h e  o ld  hypothesis  of  Olbers about t h e  major p l ane t  ances tor  becoming t h e  

source of t h e  me teo r i t e  [ s i c ]  b e l t  when i t  d i s i n t e g r a t e d .  

The phys ica l  p r o p e r t i e s  o f  meteor i tes  have been given t h e i r  due a t t e n t i o n  

only i n  r ecen t  times. In  regard  t o  t h e i r  s p e c i f i c  g rav i ty ,  meteor i tes  form a 

n a t u r a l  sequence from t h e  heav ie s t  i r o n  meteor i tes  (with a mean s p e c i f i c  

g rav i ty  of 7.72 g/cm ) t o  t h e  l i g h t e s t  s tones  (mean s p e c i f i c  g r a v i t y  3.54 g/cm ) .  

The s tony- i ron  meteor i tes  f i n d  themselves i n  t h e  middle (mean s p e c i f i c  g rav i ty  

about 5 g/cm ) .  As a l ready  mentioned, meteor i tes  are q u i t e  c l o s e  t o  a s t e r o i d s  

i n  t h e i r  o p t i c a l  p r o p e r t i e s .  

t e r e s t i n g  is  t h e  r e s i d u a l  magnetism r e l i a b l y  observed i n  very many meteor i tes .  

We s h a l l  show below t h a t  t h i s  fact ,  a l so ,  obviously confirms Olbers '  hypothesis .  

But perhaps t h e  most weighty argument f o r  t h e  r e a l i t y  o f  Phaeton, an e a r t h l i k e  

p l ane t  and t h e  ances to r  o f  t h e  a s t e r o i d  b e l t ,  is  t h e  complex organic  compounds 

and t h e  poss ib l e  t r a c e s  o f  l i f e  which a r e  found i n  many meteor i tes .  

3 3 

3 

O f  t h e  o the r  phys ica l  p r o p e r t i e s ,  t h e  most i n -  

In  1806, a t  t h e  very h e i g h t  o f  t h e  Napoleonic Wars, an unusual me teo r i t e  

f e l l  near  t h e  French v i l l a g e  o f  Aigle .  

French "acceptance" o f  meteor i tes  by t h e  Paris Academy o f  Sciences.  Pre judice  

aga ins t  ' ke les t ia l  s tones"  was s t i l l  q u i t e  s t rong  and some o f  t h e  fragments o f  

t h e  Aigle  me teo r i t e  were simply l o s t ,  and a f t e r  28 years  only one o f  them found 

i t s  way t o  t h e  labora tory  o f  t h e  famous Swedish chemist Jacob Berze l ius .  A t  

This was only t h r e e  years  a f t e r  t he  
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f i rs t  t h e  s c i e n t i s t  thought t h e r e  had been a mistake,  as t h e  Aig le  me teo r i t e  was 
not a s tone ,  nor an i r o n ,  nor  a s t o n y - i r o n .  The fus ion  c r u s t ,  however, 

t e s t i f i e d  t o  t h e  cosmic o r i g i n  o f  t h e  unusual s t o n e  from a very unusual source  

and from a type of  me teo r i t e  s t i l l  unknown, carbonaceous chondr i tes .  

The Aigle me teo r i t e  possessed anorganic16  mass, so lub le  i n  water. When 
heated,  i t s  p a r t i c l e s  turned brown and formed a mass o f  coa l ,  a clear s i g n  o f  

t he  presence of high molecular carbonaceous compounds. 

t o  t e r res t r ia l  materials of t h i s  type was obvious,  Berze l ius  wisely dec lared  

t h a t  t h i s  fact  Ifis not  y e t  a s ign  of t h e  ex i s t ence  of  organisms i n  t h e  o r i g i n a l  

source.  

Although the  s i m i l a r i t y  

/73 

The work of Berzel ius  marked the  beginning o f  t h e  organic  s tudy  of  

meteor i tes .  Unfortunately,  mater ia l  a v a i l a b l e  f o r  examination was very rare 

up t o  t h i s  time. Carbonaceous chondr i tes  are excess ive ly  f r i a b l e  and can easily 

be pulver ized  with t h e  f i n g e r s  (and a t  t h i s  t ime, we r e p e a t ,  they give o f f  t h e  

c h a r a c t e r i s t i c  odor o f  o i l ,  t h e  smell  of  bituminous compounds). Generally r a r e  

among meteor i tes ,  carbonaceous chondr i tes  are e a s i l y  destroyed during t h e i r  

f l i g h t  i n  t h e  t e r r e s t r i a l  atmosphere, and i f  they h i t  t h e  su r face  of  t h e  Earth,  

they usua l ly  disappear  without  a t r a c e  as they mingle with t h e  t e r r e s t r i a l  

rocks.  Therefore,  it i s  not  s u r p r i s i n g  t h a t  i n  t h e  whole world t h e r e  have only 

been a score  of carbonaceous chondr i tes  found and preserved ( t h r e e  o f  them i n  

t h e  Soviet  Union), and t h a t  each of  them is more va luable  t o  sc i ence  than gold.  

Four years  a f te r  t h e  work of  Berzel ius  was publ ished,  another  carbonaceous 

chondr i te  f e l l  i n  South Af r i ca  i n  1838 and was then  inves t iga t ed  by t h e  famous 

German chemist F r i ed r i ch  Wohler, t he  same Wohler who succeeded i n  synthes iz ing  

u rea  some years  l a t t e r .  

From t h e  me teo r i t e  Wohler ex t r ac t ed  a petroleum-forming o i l y  substance 

"with a s t rong  bituminous odor" and, i n  c o n t r a d i s t i n c t i o n  t o  Berze l ius ,  came 

t o  t h e  conclusion t h a t  such ma te r i a l s  could only be  formed by l i v i n g  organisms 

"if  w e  r e l y  on t h e  cu r ren t  l e v e l  of  knowledge." 

. _ i  ~- . .  . ~ - - - -. - . ~ . . . . . . . . . . ~ . . . . . . . .~ ~~- .. . ~ ~ - .  . . 

I6Mater ia l  containing carbonaceous compounds is c a l l e d  organic .  
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Again i n  France, i n  1864, a meteor i te  shower made up of  carbonaceous 

chondri tes  f e l l  near  t h e  v i l l a g e  of Orguei l ,  an event which i s  except ional  i n  h e  

t h e  h i s t o r y  of  astronomy. 

Let us p o i n t  ou t  t h a t  t h e  amount of organic  m a t e r i a l  e x t r a c t e d  from 

carbonaceous chondr i tes  is not  very la rge ,  roughly about 1%. But even t h i s  i s  

enough f o r  very important conclusions.  

The French chemist Clets i n s i s t e d  s t r o n g l y  t h a t  t h e  i n s o l u b l e  black mater- 

i a l  o f  t h e  Orgueil  m e t e o r i t e  represented  organic  compounds and not  g r a p h i t e  nor  

amorphous carbon. The s i m i l a r i t y  of t h e s e  organic  compounds with similar 

substances found i n  p e a t  and brown coal  amazed him. I n  a l e c t u r e  de l ivered  

a t  t h e  Paris Academy of Sciences Clets maintained t h a t  organic  m a t e r i a l s  i n  

meteori tes  "can ev ident ly  i n d i c a t e  t h e  presence of organic  m a t e r i a l  on 

celest ia l  bodies . I f  

From t h i s  time on, f o r  almost a hundred years  t h e  sc ience  of  organic  

/ 74 - s t u d i e s  i n  meteori tes  was c a r r i e d  on randomly from case t o  case without any 

e s s e n t i a l  general  conclusions.  Among t h e s e  s c a r c e  works must be mentioned 

research on t h e  meteor i te  Migei, c a r r i e d  out  i n  1889 by Yu. I .  Simashko. The 

Russian s c i e n t i s t  l i k e w i s e  no t iced  organic  substances of a bituminous type i n  

t h i s  carbonaceous chondri te .  

I t  must no t  be thought t h a t  a l l  organic  m a t e r i a l s  a r e  n e c e s s a r i l y  connected 

with l i f e  o r ,  even more, belong t o  l i v i n g  beings.  Astronomers a r e  aware of  

many very simple organic  compounds which have absolu te ly  no d i r e c t  connection 

with l i f e .  L e t  us mention as such t h e  molecules CH and CN, observed i n  i n t e r -  

s t e l l a r  space and i n  t h e  atmospheres of cold s t a r s .  

as  C CO and o t h e r s  have been found i n  t h e  heads and t a i l s  o f  comets. The 

volumes o f  ammonia and methane c h a r a c t e r i s t i c  of t h e  atmospheres of  t h e  l i fe less  

g i a n t  p l a n e t s ,  J u p i t e r ,  Sa turn ,  Uranus and Neptune, a r e  w e l l  known. 

Such organic  substances 

2' 

In  a d d i t i o n  t o  t h i s ,  t h e r e  i s  obviously a cons tan t  s y n t h e s i s  of  extremely 

complex organic  compounds under space condi t ions ,  including amino a c i d s .  In  t h i s  

mat ter  w e  are p a r t i c u l a r l y  convinced by t h e  recent  i n q u i s i t i v e  experiments of  

t h e  American researcher  P .  Berger. With t h e  h e l p  of  elementary p a r t i c l e  
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a c c e l e r a t o r s  he bombarded a mixture of methane, ammonia and water, c h i l l e d  t o  

-23OoC, with protons.  

mixture such complex organic  compounds as urea,  acetamide and acetone, 

After a few minutes t h e  s c i e n t i s t  noted i n  t h i s  g l a c i a l  

I n  t h e s e  tes ts  Berger e s s e n t i a l l y  modeled t h e  condi t ions  of  i n t e r p l a n e t a r y  

space.  The stream o f  protons imi ta ted  t h e  primary cosmic rays ,  and t h e  mixture 

of methane-ammonia and r e g u l a r  ices was e s s e n t i a l l y  a t y p i c a l  model of t h e  

cometary nucleus.  

Another well-known American biochemist ,  M. Calvin, bombarded a mixture of  

hydrogen, methane, ammonia and water vapor with a stream of r a p i d  e l e c t r o n s .  

In  t h e s e  experiments h e  obtained adenine, t h e  b a s i s  f o r  t h e  s t r u c t u r e  o f  

n u c l e i c  a c i d  without which t h e r e  can b e  no thought of  p r o t e i n  forms of l i f e .  

But d i d  not  such processes  occur i n  t h e  primeval atmosphere o f  Earth and of  

some o t h e r  p l a n e t s ?  

The impression i s  l e f t  t h a t  out of  inorganic  substances i n  an inorganic  

way high molecular p r o t e i n  compounds, "semifinished products" making f u t u r e  - /75 
l i f e  p o s s i b l e  (but d e f i n i t e l y  not  products o f  t h e  decay of  any l i v i n g  organism) 

are formed i n  space.  

Thus, t h e  mere presence o f  organic  substances i n  meteor i tes  cannot be 

regarded as evidence of  l i f e  on c e l e s t i a l  bodies.  

have come i n t o  being i n  an abiogenic manner, without any d i r e c t  connection with 

l i f e .  In order  t o  prove t h e  opposi te  o ther  much s t r o n g e r  arguments are needed. 

These substances could a l s o  

Discussion i n  t h e  modern sc ience  of  meteor i tes  does b e a r  upon t h i s  

matter. The controversy is  not  ended, but  t h e  r e s u l t s  obtained so f a r  lend 

g r e a t  i n t e r e s t  t o  t h e  s u b j e c t  of  t h i s  book. 

By 1951-1952 t h e  English biochemist ,  Muller had e x t r a c t e d  bituminous com- 

pounds from t h e  carbonaceous chondri tes  of Kold-Bokkveld. In  essence he re- 

peated t h e  work of Berzel ius ,  Wohler and Clets, b u t  on t h e  much h igher  l e v e l  

of modern a n a l y t i c a l  chemistry.  

more sulphur ,  ch lor ine  and n i t rogen  than i n  s i m i l a r  t e r r e s t r i a l  compounds. 

This p e c u l i a r i t y  forced Muller t o  t h e  conclusion t h a t  bitumen i n  meteori tes  

an abiogenic o r i g i n .  

I n  meteor i te  bitumen t h e r e  is  a g r e a t  d e a l  
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M. Calvin, mentioned above, and S. Vaughn approached t h i s  problem from 

d i f f e r e n t  p o s i t i o n s .  

Symposium on t h e  Study of  Cosmic Space was very s i g n i f i c a n t l y  e n t i t l e d  "Extra- 

t e r r e s t r i a l  Life. Some Organic Components of  Meteori tes  and Their  S igni f icance  

f o r  Poss ib le  Biological  Evolution Outside of  Earth." 

The r e p o r t  made by them a t  t h e  1960 I n t e r n a t i o n a l  

The American s c i e n t i s t s  evaporated v o l a t i l e  substances and then passed them 

through a mass spectrometer .  I n .  t h e s e  experiments they determined t h e  r e l a t i v e  

mass of unknown molecules and a l s o  i n v e s t i g a t e d  t h e  i n f r a r e d  and u l t r a v i o l e t  

s p e c t r a  of e x t r a c t s  taken from t h e  carbonaceous compounds of  t h e  meteor i te .  The 

r e s u l t s  were amazing. 

From t h e  carbonaceous chondr i te  they succeeded i n  e x t r a c t i n g  a substance 

as similar as two drops of  water t o  cy tos ine ,  one of  t h e  f o u r  b a s i c  c a r r i e r s  o f  

t h e  "code of l i fe"  i n  t h e  DNA molecule. They a l s o  found i n  t h e  meteor i te  a 

mixture of hydrocarbons similar t o  petroleum or . -paraf f in .  

I n  t h e  following year ,  1961, i n  t h e  New York Academy of  Sciences,  t h e r e  was 

a l i v e l y  d iscuss ion  of  t h e  work of  t h r e e  o t h e r  American chemists,  G .  Nagy, 
D. Hennessy and U. Maintain.  From carbonaceous chondr i tes  they were a b l e  t o  /76 
e x t r a c t  a s e r i e s  of p a r a f f i n s  very similar t o  what goes i n t o  t h e  composition of  

apple  s k i n s  and beeswax. I n  connection with t h i s ,  d i scuss ions  about t h e  problem 

of t h e  o r i g i n  of  petroleum a l s o  increased.  

However r e g r e t t a b l e  but  we s t i l l  do not know, as  we should,  t h e  

genesis  of t h e  f u e l  which moves a i r p l a n e s ,  sh ips  and automobiles. Was petroleum 

formed as a r e s u l t  of t h e  d i s s o c i a t i o n  of former l i v i n g  organisms o r  i s  "black 

gold" t h e  product of complex abiogenic  s y n t h e s i s ?  

t r u e ,  bitumen i n  meteor i tes  can b e  considered as traces o f  e x t r a t e r r e s t r i a l  

l i f e .  But i f  petroleum has an inorganic  o r i g i n ,  m e t e o r i t i c  bitumen does not have 

any d i r e c t  r e l a t i o n s h i p  with l i f e  o u t s i d e  t h e  Earth.  

I f  t h e  first hypothesis i s  

We have d r e a d y  d iscussed  experiments modeling t h e  formation of high 

molecular carbonaceous compounds under condi t ions of  i n t e r p l a n e t a r y  space.  I t  

i s  even easier t o  imagine a s i m i l a r  abiogenic s y n t h e s i s  i n  t h e  s i t u a t i o n  of an 

E a r t h l i k e  p l a n e t .  The main t h e s i s  of  those  who do n o t  cons ider  meteori tes  as 
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bearing t h e  remains o f  any e x t r a t e r r e s t r i a l  organisms is  t h a t  organic  substances 

i n  t h e  meteori tes  were produced ab iogenica l ly .  This is  t h e  p o s i t i o n  h e l d  by 

Anders, Briggs, and G .  P. Vdovykin, a young i n v e s t i g a t o r  o f  carbonaceous 

chondri tes  i n  t h e  Sovie t  Union. 

s p e c t r a  o f  var ious  celest ia l  bodies proves t h a t  carbon is  one of  t h e  most wide- 

spread elements i n  them: it i s  observed i n  t h e  elemental  form (C2C3) and i n  

t h e  form of compounds (CH2, CN, C 0 2 ,  e t c . )  i n  a l l  types o f  celest ia l  bodies.  

These components of atmospheres and even of s t e l l a r  space could polymerize 

with t h e  formation of  complex organic  molecules [ 7 ] .  

I n  t h e  opinion o f  t h e  l? t ter ,  Ita s tudy of  t h e  

The most animated d iscuss ions  now concern t h e  enigmatic "organized e le-  

ments" (Figure 18) .  

and D .  Claus i n  t h e i r  i n v e s t i g a t i o n  of specimens of  four  carbonaceous 

chondr i tes .  Outwardly they resembled t e r r e s t r i a l  f o s s i l i z e d  microscopic sea-  

weeds. 

morphological f e a t u r e s ,  including evidences of  p a i r i n g ,  a s  i f  deceased i n  t h e  

process of  c e l l u l a r  d i v i s i o n .  Almost a l l  of t h e s e  "organized elements" resembl- 

These o ld  inc lus ions  were f i r s t  not iced  i n  1961 by G .  Nagy 

The Americans divided them i n t o  f i v e  types of o b j e c t s  according t o  

ed t h e  most simple p l a n t s  l i v i n g  only i n  water,  and t h i s  obviously,  i n  t h e  /77 
opinion of Nagy and Claus,  e l iminated any p o s s i b l i t y  of t h e  meteor i te  having 

been contaminated by t h e  ground. Later ,  F.  S t a p l i n  and o t h e r s  noted "organized 

elements" i n  a s e r i e s  of  carbonaceous chondri tes  with a l l  observers  n o t i c i n g  

t h e i r  s i m i l a r i t y  t o  s e v e r a l  one-cel led seaweeds. 

In 1962 t h e  Leningrad geologis t  B .  V .  Timofeyev separa ted  some old spore-  

-shaped formations from t h e  Saratov and Migei meteor i tes .  

a s c o r e  of them, greenish grey, minute, hollow, almost s p h e r i c a l  s h e l l s  with 

diameters from 10 t o  60 microns. The s h e l l s  proved t o  have one l a y e r  and d i f -  

fe red  i n  th ickness ,  sometimes crumbled i n t o  sharp ly  o u t l i n e d  wrinkles .  In t h e  

words of t h e  s c i e n t i s t  " the s u r f a c e  of t h e  s h e l l s  was smooth, r a r e l y  rugged. 

In  one of t h e  forms a round opening was v i s i b l e ,  a stoma c h a r a c t e r i s t i c  of  

some u n i c e l l u l a r  seaweeds. Many of  t h e  f ind ings  r e f e r r e d  t o  can be compared 

with very anc ien t  f o s s i l i z e d  u n i c e l l u l a r  seaweed on t h e  Earth,  l i v i n g  more than 

600 mi l l ion  years  ago, bu t  it i s  not  p o s s i b l e  t o  r e l a t e  them t o  any group of 

t h e  vegetable  kingdom of  our planet"  [ 8 ] .  

There were more than 
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.- . . . .  , . . . - . _ _  
Skept ics  do not  agree  /78 - 

with t h e s e  opinions.  They 

have p e r s i s t e d  and s t i l l  

p e r s i s t  i n  t h e  b e l i e f  t h a t  

t h e  s o - c a l l e d  "organized 

elements" represent  inorganic 

inc lus ions  of  t h e  meteor i te  

o r ,  a t  b e s t ,  t e r r e s t r i a l  

organisms caught onto t h e  
. .  .. . . .  . 

meteor i te  when it was 

Figure 18. "Organized Elements" Taken From "contaminated. I t  

Various Meteori tes .  
In 1963, Anders and 

h i s  col leagues showed t h a t  

some o f  t h e  "organized 

elements" a r e  very s i m i l a r  t o  t h e  gra ins  o f  ragweed p o l l e n  which have long been 

known as one of t h e  contaminants of  t h e  New York a i r .  On t h e  o ther  hand, a t  

t h e  Meteori te  Conference i n  Moscow i n  1964, Anders showed some photographs of 

suspicious pods found i n s i d e  t h e  Orgueil  meteor i te .  I t  is  noteworthy t h a t  t h e  

na.tive country of t h i s  p l a n t  is  Southern France on whose s o i l  t h e  meteor i te  

was found. 

However, t h e s e  objec t ions  a r e  not  very persuasive.  Detai led s tudy of  t h e  

"organized elements" has shown t h a t  even morphologically they a r e  not q u i t e  

i d e n t i c a l  t o  t e r r e s t r i a l  f o s s i l i z e d  seaweed, although they do resemble them i n  

general  c h a r a c t e r i s t i c s .  

i n a t i o n ,  some c o n t r o l l i n g  t e s t s  were s e t  up. 

mentioned, where t h e  meteor i tes  a r e  kept ,  specimens of  t h e  dus t  were taken. 

However, nothing was found i n  t h e s e  t e s t s  resembling t h e  "organized elements" of  

t h e  meteor i tes .  Nor were any found i n  t h e  bituminous specimens of  mountain 

rocks kept i n  t h e  museums near  t h e  m e t e o r i t i e s .  

In order  t o  r e f u t e  t h e  suspicion of meteor i te  contam- 

In t h e  museums and l a b o r a t o r i e s  

In  1963 Nagy and h i s  coworkers i n v e s t i g a t e d  t h e  susp ic ious  inc lus ions  by 
The spectrum found was not  a t  a l l  t h a t  of means of u l t r a v i o l e t  spectroscopy. 

inorganic  i n c l u s i o n s .  
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The t o t a l  amount o f  "organized elements" i n  me teo r i t e s  is very g rea t .  

According t o  t h e  d a t a  o f  D. Claus (1964), i n  t h e  small p i ece  o f  t h e  Orgueil  

meteor i te ,  t o t a l l i n g  about 1 mill igram, 1,534 "organized elements" were found. 

Thei r  s i z e  d i s t r i b u t i o n ,  i n c i d e n t a l l y ,  i s  not  a t  a l l  c h a r a c t e r i s t i c  of  mineral  

g ra ins .  I t  was a l r eady  shown t h r e e  years  be fo re  t h a t  i n  t h e  Orgueil  me teo r i t e  

carbonaceous groups with an odd number o f  carbon atoms, c h a r a c t e r i s t i c  only 

of  materials o f  b iogenic  o r i g i n ,  predominate. 

Some ma te r i a l s ,  synthesized by l i v i n g  organisms, possess  so -ca l l ed  

"opt ica l  ac t iv i ty" .  I f  a po la r i zed  ray  o f  l i g h t  i s  passed through such mater- 

i a l s ,  i . e . ,  a l i g h t  beam i n  which the  o s c i l l a t i o n s  occur only i n  one d e f i n i t e  

plane,  t h e  o p t i c a l  a c t i v i t y  o f  t h e  substances changes t h i s  "plane of  po la r i za -  

t ion".  I t  i s  noteworthy t h a t  o p t i c a l  a c t i v i t y  i s  a c h a r a c t e r i s t i c  proper ty  

only of those  organic  ma te r i a l s  which have come i n t o  being as a r e s u l t  o f  

biogenic  syn thes i s .  This means t h a t  t h i s  proper ty  is  a p e r f e c t  i n d i c a t o r  of  

l i f e .  

Attempts were made f o r  a long time t o  d e t e c t  o p t i c a l  a c t i v i t y  i n  organic  

ma te r i a l s  i n  meteor i tes  b u t ,  alas,  unsuccessfu l ly .  Only i n  1964 d id  Nagy and 

h i s  col leagues show t h a t  t h e  organic  ma te r i a l  of t h e  carbonaceous chondr i te  

Orgueil  i s  o p t i c a l l y  a c t i v e .  I t  turned the  p lane  of  po la r i za t ion ,  bu t  it turned 

it t o  t h e  l e f t ,  while  i n  t h e  con t ro l  experiments with dus t  and o the r  b i o l o g i c a l  

contaminants of  t h e  me teo r i t e  , taken from t h e  same labora tory ,  t h e  plane o f  

p o l a r i z a t i o n  was turned t o  t h e  r i g h t .  L e t  us no te  t h a t  organic  ma te r i a l ,  taken 

from a second meteor i te ,  d id  not  exh ib i t  any o p t i c a l  a c t i v i t y  a t  a l l .  

Soviet  s c i e n t i s t s  have p a r t i c i p a t e d  a c t i v e l y  i n  t h i s  e n t i r e  d i scuss ion .  

In  1966 geo log i s t s  from t h e  Kirghiz SSR, under t h e  leadersh ip  of  A.  S. Lopuhin, 

subjec ted  specimens from t h e  Saratov meteor i te  t o  con t ro l l ed  ana lys i s  [ 9 ] .  In 

the  t e s t i n g  process  material was obtained which had previous ly  been cleaned o f  

any t e r r e s t r i a l  vege ta t ive  elements which could have got ten  t o  t h e  meteor i te .  

Nevertheless,  i n  t h e  me teo r i t e  were found l a rge  amounts o f  d i f f e r e n t l y  shaped 

sphero ida l  o r  compressed s h e l l s  which could not  be a t t r i b u t e d  t o  mineral  forma- 

t i o n s  i n  t h e i r  outward appearance, t h e i r  s t r u c t u r e  and t h e i r  o p t i c a l  q u a l i t i e s .  
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The diameters of t h e  s h e l l s ,  colored grey and sometimes with a brownish hue, 

var ied  from 10 t o  100 microns. P a r t i c u l a r l y  cur ious are small pa i red  s h e l l s ,  

t igh tened  as i f  with a b e l t ;  do w e  a c t u a l l y  have i n  f r o n t  of us organisms which 

have d ied  a t  t h e  very moment of  b i r t h ?  A s  A. S. Lopukhin n o t e s ,  " i f  we put  

ourselves  i n  t h e  p o s i t i o n  of  r e s e a r c h e r s  who m i s t a k e  t h e i r  f ind ings  of  vegeta- 

t i v e  remains i n  m e t e o r i t i c  m a t e r i a l s  f o r  t e r r e s t r i a l  ones, i t  i s  n a t u r a l  t o  

consider  meteori tes  as fragments of  a p l a n e t  which a t  t h e  moment of ca tas t rophe  

was a t  a d e f i n i t e  s t a g e  of  development which predetermined t h e  emergence on it 

of a comparatively high v e g e t a t i v e  development. 

The controversy about t h e  organic  mater ia l  o f  meteori tes  has s t i l l  not  

been s e t t l e d  today [ l o ] .  Although, judging from a l l  appearances, meteor i tes  

do b e a r  t h e  remains of some forms of e x t r a t e r r e s t r i a l  l i f e ,  t h i s  conclusion is  

not  u n i v e r s a l l y  accepted.  N e w e r  and newer c o n t r o l l e d  tes ts  a r e  necessary with /80 

due observance of s t r i c t e r  s t e r i l i t y ,  and new i n v e s t i g a t i o n s  of organic  mater- 
i a l s  on meteor i tes ,  which should a l s o  c a s t  l i g h t  upon t h e  o r i g i n  of t h e  

a s t e r o i d s ,  a r e  needed. 

I n  a c o l l e c t i v e  a r t i c l e  Academicians V .  G .  Fesenkov, A. A .  Imshenetskiy 

and A. I .  Oparin r e c e n t l y  wrote17 t h a t  t h e  main task  of t h e s e  i n v e s t i g a t o r s  

"cons is t s  of  d e f i n i t i v e l y  so lv ing  t h e  problem of whether t h e  organic  m a t e r i a l  

found on meteor i tes  has  a b iogenic  o r i g i n  ( i . e .  , does it present  t h e  r e s u l t  of 

animate processes)  o r  was it  formed by chemical r e a c t i o n s  without any l i v e  

p a r t i c i p a t i o n  . I 1  

THE ~ - - ENIGMA ~ ._. OF TEKTlrES 

In  some museum meteor i tes  i t  i s  p o s s i b l e  t o  f i n d  o l d  v i t r e o u s  formations.  

Outwardly t h e s e  are p ieces  of dark green o r  sometimes black g l a s s  of very d i f -  

f e r e n t  shapes.  Some o f  them remind one of  small  dumbbells o r  f langes ,  o thers  

resemble pears ,  onions, f i n g e r s  and hollow spheres.  Nonspecial is ts  can some- 

times confuse them with fragments of r e g u l a r  b o t t l e  g l a s s .  

A t  t h e  beginning o f  t h e  p r e s e n t  century t h e s e  o l d  formations were c a l l e d  

t e k t i t e s  (from t h e  Greek word " tektos"  which means "fused"). They d i f f e r  i n  

I7See p. 119 of  re ference  [ 7 ] .  
_ _  _ . - -  _._ - _. - 
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s i z e  from t i n y  g l a s s y  beads t o  p ieces  comparable i n  s i z e  t o  a hen ' s  egg and 

weighing almost a h a l f  kg. 

Tek t i t e s  a t t r a c t e d  t h e  a t t e n t i o n  o f  our  d i s t a n t  ances tors .  In  t h e  Danube 

reg ion ,  a t  one o f  t h e  se t t l emen t s  of t h e  Stone Age people  (25,000 years  ago) ,  

t e k t i t e s  have been found which were ev ident ly  used by primeval people  i n  t h e i r  

p r imi t ive  a g r i c u l t u r e .  

Two hundred years  ago, i n  t h e  v i c i n i t y  o f  t h e  Vltava River  i n  t h e  t e r r i t o r y  

of modern Czechoslovakia, l o c a l  peasants  "plowed up" wonderful g lassy  s tones  

of unknown o r i g i n  while  working t h e i r  f i e l d s .  

t h e  g lassy  pebbles became sh iny ,  b e a u t i f u l  and of  a smooth dark green su r face .  

They began t o  make beads and o the r  ornaments, success fu l ly  used by Bohemian 

g i r l s ,  from t e k t i t e s .  T e k t i t e s  found i n  Czechoslovakia were given t h e  name 

"moidavites. I t  

They pol i shed  them, and then 

Later  t e k t i t e s  were discovered i n  o the r  p laces  o f  t h e  Earth.  During h i s  - /81 
t r i p  around t h e  world on t h e  s h i p  "Beagle" i n  1884, Charles  Darwin found 

t e k t i t e s  on t h e  i s l a n d  of  Tasmania ("tasmanites").  Considering t h e  t e k t i t e s  t o  

be t e r r e s t r i a l  formations,  Darwin descr ibed them as a v a r i e t y  o f  volcanic  bomb 

hur led  from volcanic  c r a t e r s  a t  t h e  t ime of  e rupt ion .  

Later t e k t i t e s  ( "aus t r a l i t e s " )  were discovered a t  var ious  spo t s  i n  

Aus t r a l i a ;  t hese  amazed t h e  s c i e n t i s t s  by t h e i r  unusual form (Figure 19).  Some 

of them were reminiscent  of  bu t tons ,  o the r s  resembled mushrooms and a t h i r d  

group looked l i k e  hourg lasses .  There are a l s o  hollow v i t r e o u s  b a l l s  t he  s i z e  

of an apple with walls a f r a c t i o n  o f  a mi l l imeter  t h i c k ,  as i f  some joker  had 

blown something l i k e  a soap bubble out  of  crude g l a s s !  

The v i t r eous  b a l l s ,  as was e s t ab l i shed  l a t e r ,  are not an exc lus ive  proper ty  

of Aus t r a l i a ,  bu t  have been found among o the r  t e k t i t e s  on many i s l a n d s  of  t h e  

Malaysian Archipelago (" indochini tes")  . The Ph i l ipp ine  I s l ands  are r i c h  i n  

t e k t i t e s  ( "phi l ipp in i tes" ) ,  and t e k t i t e s  have been found i n  West Afr ica  and 

North America. I t  is  cur ious  t o  observe t h a t  t e k t i t e s  have s t i l l  not  been 

found i n  the  immense t e r r i t o r y  of  t h e  Sovie t  Union nor  a t  any po in t  i n  South 

America. This is  obviously caused by d i f f i c u l t y  i n  searching;  it i s  not  easy 
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t o  search  f o r  small p ieces  o f  dark g l a s s ,  e s p e c i a l l y  i f  upon a c c i d e n t a l l y  

f ind ing  such a fragment, a person does not  know i f  h i s  f i n d  i s  a fragment of  

a b o t t l e  o r  something exc lus ive ly  va luable  f o r  s tudy.  I t  remains only t o  

organize sys temat ic  and w e l l  planned searches f o r  t e k t i t e s  and then t h e r e  can 

be no doubt t h a t  they w i l l  be successfu l .  

No one has  ever seen t e k t i t e s  f a l l ,  

o r  a t  l e a s t  sc ience  does not  have any 

r e l i a b l e  r e p o r t s  o f  such a v a i l a b l e .  

However, i n  some count r ies  t e k t i t e s  have 

been given names ev ident ly  r e f e r r i n g  t o  

t h e i r  e x t r a t e r r e s t r i a l  o r i g i n .  Thus, 

f o r  example, t h e  l o c a l  i n h a b i t a n t s  of  

t h e  Phi l ipp ine  I s lands  give t e k t i t e s  t h e  

names "excrement of t h e  stars" and 

"so lar  s tones ,"  and t h e  i n h a b i t a n t s  of  

t h e  I s land  of Hainan c a l l  t e k t i t e s  

"moon stones". 

Some t e k t i t e s  b e a r  c l e a r  t r a c e s  of 

I f l i g h t  i n  t h e  t e r r e s t r i a l  atmosphere. 

Imagine a t y p i c a l - A u s t r a l i t e  resembling 

a g lassy  but ton .  A s  a number o f  ob- 

s e r v e r s  have noted, t h i s  shape could 

be formed from an o r i g i n a l  v i t r e o u s  

sphere plunging i n t o  t h e  t e r r e s t r i a l  i 
I 

- . _  I. . . .  
atmosphere a t  cosmic v e l o c i t y .  The f r o n t  

of t h e  sphere fused, and t h e  l a y e r  o f  /82 
Figure 19. The External  
Appearance and Shape o f  T e k t i t e s .  a i r  encountered gradual ly  compressed t h e  

o r i g i n a l  sphere and .turned it i n t o  a 
but ton .  The effect  of  t h e  atmosphere on 

t h e  f l y i n g  t e k t i t e  can s u c c e s s f u l l y  ex- 

p l a i n  s e v e r a l  o t h e r  shapes of  t h e s e  enigmatic formations.  Later ,  when t h e  

t e k t i t e s  were l y i n g  q u i e t l y  upbn t h e  s u r f a c e  of  t h e  Earth,  t h e i r  form continued 

t o  change under t h e  i n f l u e n c e  of pure ly  geologica l  f a c t o r s  (erosion,  e t c . )  and 
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we are. pot always very successful  i n  d i f f e r e n t i a t i n g .  t h e  a c t i v i t y  o f  terrestr ia l  /83 
and s p a c i a l  f a c t o r s ,  s i n c e  t h e  s u r f a c e  s t r u c t u r e  of t e k t i t e s  i s  sometimes 

extremely complex. 

On t h e  whole i n  a l l  t h e  meteor i te  c o l l e c t i o n s  o f  t h e  world t h e r e  are con- 

s i d e r e d  t o  b e  around 650,000 t e k t i t e  specimens, material completely satisfac- 

t o r y  f o r  d i f f e r e n t  kinds o f  i n v e s t i g a t i o n  and g e n e r a l i z a t i o n .  The chemical 

and phys ica l  p r o p e r t i e s  of  t e k t i t e s  i n  many unique r e s p e c t s  do not  have any 

analogies  on Earth nor  i n  space.  

From a physical-chemical p o i n t  of  view t e k t i t e s  a r e  s o l i d  s o l u t i o n s  of  

t h e  oxides of d i f f e r e n t  metals i n  s a l i c i c  a c i d .  Their chemical composition 

can be q u i t e  graphica l ly  i l l u s t r a t e d  with a s p e c i a l  diagram, t h e  s o - c a l l e d  

chemical spectrum. Their  resemblance t o  a c i d  volcanic  rocks and so-ca l led  

m e t e o r i t i c  impact i tes ,  v i t r e o u s  formations caused by h i t . t i n g  t h e  Earth and by 

t h e  explosion of  l a r g e  meteor i tes ,  is  obvious. 

e s s e n t i a l  d i f f e r e n c e  between them. T e k t i t e s  conta in  very few v o l a t i l e  elements; 

t h e  cause is evident ly  found i n  t h e  high temperature h e a t i n g  t o  which t h e s e  

formations were s u b j e c t .  T e k t i t e s  a l s o  conta in  such microelements as  n i c k e l ,  

chromium and cobal t .  Judging from t h e  low germanium content  i n  t e k t i t e s ,  t h e s e  

objec ts  cannot have an e a r t h l y  o r i g i n .  

But n a t u r a l l y  t h e r e  i s  an 

The extreme dehydration o f  t ek t i t e s  demands a t t e n t i o n .  Terrestrial  mount- 

a i n  rock contains  an average of about 1% water.  Regular b o t t l e  g l a s s  contains  

0.02% water,  while moldavites,  outwardly resembling b o t t l e  g l a s s ,  have not  

more than 0.0005%. On t h e  average, t e k t i t e s  a r e  100 times more "dehydrated" 

than b o t t l e  g l a s s .  Even atomic impact i tes ,  those v i t r e o u s  c inders  formed 

during t e r r e s t r i a l  atomic explosions,  contain t e n  times more water than 

t e k t i t e s .  Again, we a r e  almost forced t o  conclude that. a t  some time t e k t i t e s  

were subjected t o  except iona l ly  high heat ing.  This same conclusion i s  a l s o  

found by analyzing o t h e r  physical  p r o p e r t i e s  of  t e k t i t e s .  

Sometimes an impregnation of pure s i l i c o n  dioxide is  found i n  t e k t i t e s ,  

so-ca l led  l e c h a t e l i e r i t e .  Inclusions of c o e s i t e ,  compact modif icat ion of 

s i l i c o n  dioxide,  a r e  a l s o  found. 
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Perhaps t h e  most cur ious  fact  i s  t h e  f ind ing  i n  t e k t i t e s  of oxidized 

me teo r i t e  i r o n  i n  which are found var ious  types o f  m e t e o r i t i c  minerals ,  

kamacite (n icke l  i ron )  and s c h r e i b e r s i t e .  Recently,  badde ly i t e  (zirconium /84 
dioxide) ,  a mineral  found only  i n  s y n t h e t i c  g l a s ses  so far ,  has  been found i n  

t e k t i t e s .  

But a s t i l l  more amazing f ind ing  made r e c e n t l y  i n  one o f  t h e  l a b o r a t o r i e s  

o f  t h e  Kola branch o f  t h e  Academy o f  Sciences of  t h e  USSR i s  t h a t  i n  some 

t e k t i t e  specimens petroleum a s p h a l t  has  been found, i d e n t i c a l  with t h a t  i n  

carbonaceous chondr i tes .  

J u s t  what are t e k t i t e s ,  and what i s  t h e  o r i g i n  of t h e s e  o l d  fragments of  

crude g l a s s?  

The main chemical p e c u l i a r i t y  o f  t e k t i t e s  i s  t h e i r  volume of  s i l i c o n  

d ioxide  SiOz, sometimes making up 70 t o  90% of  t h e  t o t a l  mass of  a t e k t i t e .  

An analogy i n v o l u n t a r i l y  s u g g e s t s i t s e l f  with terrestr ia l  sedimentary rocks,  

and i n  connection with t h i s  t h e  American geochemist G .  Urey has  wr i t t en :  

"The chemical composition o f  t e k t i t e s  i s  s t r i k i n g l y  s imilar  t o  t h e  compo- 

s i t i o n  o f  t he  most ac id  sedimentary rocks . . .  such a chemical composition does 

not  occur during any chemical processes  known i n  na tu re ,  with t h e  poss ib l e  ex- 

cept ion  o f  some very r a r e  and s p e c i a l  events . "  

Most of  t h e  formations i n  t e k t i t e s  known t o  us are  similar t o  so-ca l led  

s i l i c a  g l a s s ,  pure g l a s s  of a s i l i c a t e  composition. The f i rs t  crude s i l i c a  

g l a s s ,  i n  t he  form o f  small v i t r e o u s  pebbles,  was discovered acc iden ta l ly  i n  

t h e  Libyan Deser t  as e a r l y  as 1816. Detai led i n v e s t i g a t i o n  of t h e  Libyan g l a s s  

was made by t h e  English minero logis t  L .  Spencer i n  t h e  3 0 ' s  o f  ou r  century.  

This g l a s s  i s  found i n  a reg ion  with an oval shape ( l a r g e s t  diameter 130 km, 

narrowest 53 km). Two hundred ki lometers  from these  depos i t s  were found numer- 

ous p ieces  of t h e  same g l a s s  a long with v i t r e o u s  spearheads,  qua r t z  axes and 

o the r  s tone  instruments  of  t h e  anc ien t  i nhab i t an t s  o f  t h i s  area. 

In t h e  Libyan Desert, where t h e  mysterious g l a s s  was discovered,  t h e r e  i s  

not  even t h e  s l i g h t e s t  t race o f  any me teo r i t e  c r a t e r .  S t i l l ,  it is  a r e l i a b l e  
fact  t h a t  around and i n s i d e  some explos ive  me teo r i t e  craters are found meteor i te  
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impact i tes  (from t h e  Engl ish word "impact") a l r eady  mentioned above. Essen t i a l ly  

t h i s  t e r r e s t r i a l  .rock, f i rs t  fused by explosion and then  s o l i d i f i e d ,  n a t u r a l l y  

became mixed with t h e  me teo r i t e  mater ia l  too .  Therefore  it i s  not s u r p r i s i n g  

t h a t  t h e  me teo r i t e  impact i tes  from t h e  c r a t e r s  o f  Wabar (Arabia) and Henbury 

(Aus t ra l ia )  have proved t o  be  s a t u r a t e d  with me teo r i t e  material  i n  t h e  form of  

t i n y  d r o p l e t s  of  n i cke l  i r o n  and a l s o  impregnations o f  l e c h a t e l i e r i t e .  

I t  would seem t h a t  t h e  key t o  t h e  explana t ion  o f  t h e  na tu re  o f  t e k t i t e s  /85 
had been found. However, i n  some regions of  r e g u l a r  depos i t s  of  s i l i c a  g l a s s ,  

where g i g a n t i c  me teo r i t e  c r a t e r s  should be  found, t h e r e  i s  nothing t o  g ive  

testimony t o  t h e  f a l l  of  a l a r g e  meteor i te .  In such regions not  a s i n g l e  t y p i c a l  

t e k t i t e  has  been found. Obviously, t e k t i t e s  cannot be  considered t h e  product of 

t he  melt ing of t e r res t r ia l  sand. 

When l igh tn ing  s t r i k e s  sand, f u l g u r i t e s  a r e  produced, v i t r e o u s  branched 

tubes marking t h e  path of  t h e  s torm's  discharge.  I t  i s  cur ious  t h a t  f u l g u r i t e s  

conta in  l e c h a t e l i e r i t e ,  j u s t  l i k e  t e k t i t e s ,  and d i f f e r e n t  kinds o f  s i l i c a  g l a s s .  

I t  appears t h a t  t h e  mechanism of formation of  a l l  t hese  ob jec t s  has  something 

i n  common. However, i t  i s  impossible t o  i d e n t i f y  t e k t i t e s  as r egu la r  f u l g u r i t e s .  

F ina l ly ,  t h e r e  i s  one more c l a s s  of  ob jec t s  reminiscent  of  t e k t i t e s ,  so-  

- ca l l ed  atomic impac t i t e s .  During atomic explosions on t h e  su r face  of  t he  E a r t h  

o r  not f a r  above t h e  Earth,  s i l i c a t e  rocks a r e  melted and turned i n t o  p ieces  of  

v i t r eous  atomic c inde r s .  Coes i te ,  a c r y s t a l l i t e  s i l i c o n  d ioxide  with an ex- 

tremely compact "wrapping" o f  atoms i s  found both i n  me teo r i t e s  and i n  atomic 

impact i tes .  Not very long ago c o e s i t e  was a l s o  found i n  t e k t i t e s .  

A general  conclusion: we do not  know o f  any o b j e c t ,  e i t h e r  on t h e  Earth 

nor i n  space,  which can be  i d e n t i f i e d  with t e k t i t e s .  

of p rope r t i e s ,  var ious  kinds of  s i l i c a  g l a s s ,  p a r t i c u l a r l y  m e t e o r i t i c  and atomic 

impact types,  seem c l o s e s t  t o  t e k t i t e s .  

In  t h e  complete a s soc ia t ion  

The famous Sovie t  i n v e s t i g a t o r  of  t e k t i t e s ,  G .  G .  Vorob'yev and h i s  c o l -  

They c o l l e c t e d  almost a l l  of  leagues have c a r r i e d  out  some i n t e r e s t i n g  work. 

t he  extremely ex tens ive  l i t e r a t u r e  about t e k t i t e s  and arranged it on microfilms 

and coded on s p e c i a l  punched cards .  They assembled t h e  most complete l i b r a r y  on 

t e k t i t e s  i n  t h e  world, conta in ing  seve ra l  thousand books, a r t ic les  and memoranda. 
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A s  G .  G .  Vorob'yev states,  "work with punched cards"  and llprocessing" o f  a l l  of 

t h e  l i t e r a t u r e  according t o  a hundred thematic  quest ions has  shown t h a t  t h e  

overwhelming number o f  facts favors  t h e  cosmic o r i g i n  of  t e k t i t e s .  This w a s  

l a te r  confirmed by us ing  e l e c t r o n i c  computers [ l l ] .  

Thus, it i s  most l i k e l y  t h a t  t e k t i t e s  are g lassy  meteor i tes .  They are some- 

times found i n  depos i t s  of t h e  ice  age,  i n  sand and i n  c l ay  from t h e  T e r t i a r y  /86 
Age. The fact  t h a t  t e k t i t e s  are p l e n t i f u l  i n  some regions and are not found a t  

a l l  i n  o the r s  i s  poss ib ly  an i n d i c a t i o n  t h a t  t hese  unusual c e l e s t i a l  s tones  

f e l l  upon t h e  Earth i n  a narrow b e l t .  Is it poss ib l e  t o  r e f e r  t e k t i t e s  and 

o t h e r  meteor i tes  t o  a common a n c e s t r a l  body o r  must a s p e c i a l  source o f  forma- 

t i o n ,  so far  unknown, be  sought f o r  t h e  v i t r e o u s  meteor i tes?  However, a l l  t hese  

quest ions w i l l  be  b e s t  s e t t l e d  i n  c l o s e  connection with t h e  general  problem 

which i s  s t i l l  unsolved, t h e  o r i g i n  of  t he  a s t e r o i d  r i n g .  

WAS _ _  _. THERE EVER A PLANET PHAETON? 

Ernst  Chladnyy had c l e a r l y  formulated two b a s i c  hypotheses capable o f  ex- 

p l a in ing  the  o r i g i n  of t h e  a s t e r o i d s .  

o f  Native Iron,  Notably That Found by Pa l las , "  publ ished i n  Riga i n  

1794, he wrote: 

In  h i s  book T h e  Origin of  Various Masses 

l l I ' f  we begin from the  po in t  of  view t h a t  t hese  c e l e s t i a l  bodies  have some- 

how come i n t o  ex i s t ence ,  t h i s  ex i s t ence  i s  unthinkable  except as t h e  u n i t i n g  

under t h e  a c t i v i t y  o f  t h e  l a w  o f  g r a v i t y  of s epa ra t e  ma te r i a l  p a r t i c l e s  loose ly  

d i s t r i b u t e d  i n  t h e  space o f  t h e  un ive r se  e i t h e r  a s  t he  r e s u l t  o f  t h e  breakup o f  

a l a r g e  mass caused by an e x t e r i o r  shock o r  as the  r e s u l t  of an i n t e r n a l  explo- 

s ion .  

Olbers '  hypothesis  ( i n  1804) was t h e  f irst  hypothesis  t o  expla in  the  e x i s t -  

ence o f  t h e  a s t e r o i d s  by t h e  d i s i n t e g r a t i o n  of  a l a r g e  p l ane t .  

t h i s  one o t h e r  hypotheses were put  f o r t h  which use a second p o s s i b i l i t y ,  

t h e  union of " p a r t i c l e s  o f  ma te r i a l  s c a t t e r e d  i n  un ive r sa l  space" i n t o  small 

p l ane t s .  Laplace h imsel f ,  s t a t i n g  t h a t  four  of  t he  a s t e r o i d s  known a t  h i s  time 

were formed by gaseous r i n g s  of  primeval m i s t  assembling a t  some t i m e  i n t o  four  

aggregates ,  belonged t o  t h i s  po in t  of  view. I t  i s  cur ious  t h a t ,  from Laplace 's  

But p a r a l l e l  with 
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po in t  of view, t h e  formation o f  four  small p l a n e t s  i n s t e a d  o f  one l a r g e  

one was caused by t h e  pe r tu rb ing  a c t i v i t y  o f  J u p i t e r ,  which prevented t h e  form- 

a t i o n  of an e a r t h - l i k e  p l a n e t .  This i d e a  i s  a l s o  m e t  i n  t h e  modern hypothesis  

o f  0. Yu. Schmidt who a l s o  denies  t h e  r e a l i t y  o f  t h e  p l a n e t  Phaeton. 

Although more than  a f e w  hypotheses about t h e  o r i g i n  o f  t h e  a s t e r o i d s  have 

been proposed during t h e  p a s t  and present  c e n t u r i e s ,  almost a l l  of  them can be  

reduced t o  one of  t h e  two main concepts mentioned above. 

which do not  recognize t h e  a s t e r o i d s  as a s e p a r a t e  ind iv idua l  class of  c e l e s t i a l  

bodies ,  bu t  cons ider  t h e  small p l ane t s ,  e .g . ,  as a v a r i e t y  of  comet, were a l s o  

put  f o r t h .  

/87 

However, hypotheses 

W i l l i a m  Herschel may be  considered t h e  o r i g i n a t o r  o f  t h i s  t h i r d  concept.  

In  t h e  opinion of  t h e  famous i n v e s t i g a t o r  of  t h e  s t e l l a r  un iverse ,  "When comets 

are a t  a d i s t ance  f o r  a cons iderable  length o f  time, t h e i r  comas can shr ink ,  

i f  not  completely, a t  least  t o  a cons iderable  ex ten t ,  making them similar t o  

s tars .  Then, they become a s t e r o i d s . "  I t  i s  not hard t o  see t h a t  t h i s  hypo- 

t h e s i s  of  Herschel d id  not expla in  much, bu t  neve r the l e s s  it had i t s  fol lowers  

who t r i e d  t o  f i n d  not  only q u a l i t a t i v e  bu t  a l s o  q u a n t i t a t i v e  confirmation of  

t he  expressed assumption. O f  them, N.  F .  Bobrovnikov and S. K .  Vsekhsvyatskiy 

deserve s p e c i a l  mention. 

The f i rs t  of them expressed the  hypothesis  i n  1931 t h a t  a l l  a s t e r o i d s  have 

come from one l a rge  p l ane t ,  captured a t  some time by J u p i t e r  and then d i s -  

i n t e g r a t i n g  i n t o  a l a r g e  number of fragments. 

d a t a  about comets, Bobrovnikov's hypothesis  cannot s t and  up t o  c r i t i c i s m .  The 

masses o f  cometary nuc le i  a r e  too  small t o  produce t h e  r a t h e r  massive a s t e r o i d  

r ing ,  and i n  composition t h e  s t r u c t u r e  of  t h e  cometary nuc le i  has  nothing i n  

common with the  phys ica l  p rope r t i e s  of t h e  small p l ane t s .  

hypothesis  expla in  t h e  reasons f o r  t he  d i s i n t e g r a t i o n  o f  t h e  hypothe t ica l  g i -  

gan t i c  comet and t h e  na tu re  of  t h e  e x i s t i n g  a s t e r o i d a l  o r b i t s .  However, as 

Bobrovnikov himself noted, " in  the  present  s t a t e  o f  our  knowledge of  both comets 

and a s t e ro ids ,  i t  may be premature t o  cons t ruc t  a theory about t h e i r  o r ig in . "  

From t h e  po in t  o f  view of  cu r ren t  

Nor can Bobrovnikov's 

The bas i c  idea ,  defended f o r  many years  by S. K. Vsekhsvyatskiy can be 

summed up by saying t h a t  t h e  comets t u r n  i n t o  a s t e r o i d s  a f t e r  l o s ing  t h e i r  
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gaseous s h e l l s .  

( i . e . ,  explosions) o f  processes  on t h e  p lane ts  and on some of t h e i r  s a t e l l i t e s ,  

thus being e s s e n t i a l l y  t h e  products  of powerful vo lcanic  explosions.  Expressed 

i n  present-day language, t h e s e  ideas  would be formulated a s :  

The comets themselves a r e  t h e  r e s u l t  o f  powerful 'eruptions n s  

"A study of t h e  phys ica l  n a t u r e  and chemical composition o f  meteor i tes  

leaves no doubt of t h e  f a c t  t h a t  they must represent  fragments from t h e  c r u s t  

of c e l e s t i a l  bodies .... 
"The concept genera l ly  accepted today is  t h a t  meteor i tes  are bodies  of an 

a s t e r o i d  na ture  and t h a t  a s t e r o i d s  can be regarded as  l a r g e  m e t e o r i t i c  bodies .  / 8 8  

"A study of  t h e  phys ica l  n a t u r e  and br ightness  of  a s t e r o i d s  leads  t o  t h e  

conclusion t h a t  they have a fragmentary form, and t h e i r  r e l a t i o n s h i p  t o  comets, 

expressed i n  p e c u l i a r i t y  of  movement and s i m i l a r  physical  na ture ,  make it pos- 

s i b l e  t o  conclude t h a t  comets, a f t e r  exhausting t h e i r  supply o f  i c e ,  must t u r n  

i n t o  a s t e r o i d s  o r  m e t e o r i t i c  bodies .  In  r e a l i t y  c u r r e n t  shor t -per iod  comets 

d i f f e r  from a s t e r o i d s  only i n  possessing i c e  and smal le r  masses" [ 1 2 ] .  

There i s  no doubt of t h e  f a c t  t h a t  almost everywhere i n  t h e  s o l a r  system 

can b e  seen explosive processes  a t t a i n i n g  except ional  power on t h e  Sun and on 

t h e  l a r g e  p l a n e t s .  

processes was much more imposing and t h a t  they played f a r  from a secondary r o l e  

i n  t h e  l i f e  o f  t h e  s o l a r  system. I t  cannot be denied t h a t  t o  a considerable  

degree some comets may be considered independent "volcanic bombs," hurled from 

t h e  s u r f a c e  of  p l a n e t s  and t h e i r  s a t e l l i t e s .  But a l l  t h i s  is  not  grounds f o r  

i d e n t i f y i n g  comets with a s t e r o i d s .  

I t  is  e n t i r e l y  p o s s i b l e  t h a t  i n  t h e  p a s t  t h e  e x t e n t  of' t h e s e  

We have a l ready  noted t h e  ex is tence  of d i f f e r e n t  o r b i t s  f o r  t h e s e  c e l e s t i a l  

bodies and spoken a g a i n s t  a communality of  n a t u r e  and o r i g i n .  Not on a s i n g l e  

comet has  t h e r e  ever been observed a nucleus s i m i l a r ,  l e t  us say ,  t o  Ceres nor  

t o  hundreds of  o t h e r  a s t e r o i d s  with diameters i n  t h e  t e n s  and hundreds o f  kms. 

The n u c l e i  of comets c o n s i s t  b a s i c a l l y  of ices, while t h e  a s t e r o i d s  suggest  

g i g a n t i c  s tones  o r  i r o n  meteor i tes .  Can w e ,  by ignoring t h e s e  f a c t s ,  consider  

t h e  a s t e r o i d s  known t o  US t o  b e  cometary n u c l e i ?  
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The cometary o r b i t s  a r e  exceedingly va r i ed ,  from small e l l i p s e s  f i t t i n g  

wi th in  t h e  o r b i t  of  Mars t o  t h e  g i g a n t i c  e l l i p t i c a l  o r b i t s  o f  t h e  long-period 

comets. S. K .  Vsekhsvyatskiy's  hypothesis  does no t  a t  a l l  exp la in  how a l l  of  

t hese  o r b i t s  change i n t o  almost c i r c u l a r  o r b i t s ,  l y ing  i n  genera l  between t h e  

o r b i t s  of Mars and J u p i t e r ,  a f t e r  t h e  comet has  l o s t  i t s  gases ,  and why t h i s  

mysterious t ransformat ion  takes  p lace  only a f t e r  t h e  "depletion" o f  t he  comet 

and has  no d i r e c t  r e l a t i o n s h i p  t o  the  na tu re  o f  i t s  movement around the  Sun nor  

t o  i t s  o r b i t a l  elements.  Let us  note  i n  pass ing  t h a t  some known comets (e .g . ,  

1901-1) have completely l o s t  t h e i r  gases and neve r the l e s s  have a t y p i c a l  cometary 

o r b i t .  In  s h o r t ,  t h e r e  i s  no b a s i s  whatsoever f o r  cons ider ing  comets t h e  

ances tors  of  a s t e r o i d s .  

/89 

When 0.  Yu. Schmidt 's  hypothesis  gained popu la r i ty  during t h e  50 's  of  t h e  

p re sen t  century,  experiments were c a r r i e d  ou t  w i th in  t h e  framework of  t h i s  

hypothesis  t o  c l a r i f y  t h e  o r i g i n  of  t h e  a s t e r o i d  r i n g .  

The Titius-Bode L a w  leaves room f o r  t h e  hypo the t i ca l  Phaeton. The law o f  

p lane tary  d i s t ances ,  accepted by 0. Yu. Schmidt, has var ious  parameters f o r  

p l ane t s  of  t h e  e a r t h l y  type and f o r  l a r g e  p l ane t s .  

l e f t  f o r  a p l ane t  Phaeton, although 0. Yu. Schmidt no tes  t h a t ,  i f  sometime i n  

t h e  region of t h e  contemporary a s t e r o i d  b e l t  'la p l ane t  were observed, it would 

be small, similar t o  t h e  Earth and t o  Mars, bu t  not  t o  J u p i t e r "  [13]. 

In  essence t h e r e  i s  no p lace  

But i n  t h e  opinion of  0.  Yu. Schmidt, no p l a n e t  can be formed the re ,  

mainly because t h e  per turb ing  inf luence  of J u p i t e r  would prevent  i t .  

"Even i n  t!he e a r l y  evolu t ionary  s t ages  of  t h e  prep lane tary  swarm," wr i t e s  

0 .  Yu. Schmidt, " the  pe r tu rba t ions  of  growing J u p i t e r  exerc ised  an e s s e n t i a l  

in f luence  on t h e  a c t i o n  of t h e  bodies  coming i n t o  ex is tence  i n  t h e  a s t e r o i d  

b e l t  by en larg ing  t h e i r  mean e c c e n t r i c i t i e s  and t h e  i n c l i n a t i o n s  o f  t h e i r  o r b i t  

and, a t  t h e  same time, prevent ing  t h e i r  union. 

"The l i m i t i n g  p o s i t i o n  of t he  a s t e r o i d  b e l t ,  l ead ing  t o  a change i n  tempera- 

t u r e  of t h e  p a r t i c l e s , a n d  t h e  process  of  u n i t i n g  i n t o  l a r g e r  bodies being ac- 

companied by s u b s t a n t i a l  changes i n  chemical composition made i t  poss ib l e  f o r  

t h e  pe r tu rba t ions  of  J u p i t e r  t o  exe rc i se  t h e i r  in f luence .  The vapor iza t ion  of  

86 



v o l a t i l e  substances forming t h e  bodies led  t o  t h e i r  decay o r ,  by lowering t h e i r  

toughness, f a c i l i t a t e d  t h e i r  fragmentation by c o l l i s i o n .  In t h e  same way t h e  

vapor iza t ion  re ta rded  t h e  processes  of forming l a r g e  bodies  i n  t h e  a s t e r o i d  

b e l t  and provided t i m e  f o r  t h e i r  o r b i t s  t o  be changed by per turba t ions  from 

J u p i t e r .  

In  t h e  opinion of  0. Yu. Schmidt and h i s  fol lowers ,  i n  t h i s  way t h e  

evolut ion of the  pro to-p lane tary  cloud i n  t h e  a s t e r o i d  b e l t  region stopped a t  an 

intermediate  s t a g e .  B. Yu. Levin writes, Ira l a r g e  number of  bodies t h e  s i z e  

of  a l a r g e  a s t e r o i d  were formed from t h e  r i n g  of  d u s t .  

p l a n e t s  were formed from t h e s e  bodies" [14] .  I t  is  easy t o  see t h a t  a l l  t h e s e  

d iscuss ions  about t h e  o r i g i n  of t h e  a s t e r o i d s  have a q u a l i t a t i v e  na ture  and 

t h a t  they have never been given a q u a n t i t a t i v e  foundation. 

of 0. Yu. Schmidt remains only  one of  many cosmogonic hypotheses s o  far.  

Natural ly  t h e r e  a r e  no grounds a t  a l l  f o r  consider ing it a s t r i c t l y  reasoned 

theory explaining t h e  o r i g i n  of  t h e  p l a n e t s  c l e a r l y  and ind isputab ly .  In  ad- 

d i t i o n ,  even i f  they agree  with 0. Yu. Schmidt's explanat ions,  a g r e a t  many 

f a c t s  remain u n c l e a r .  

Indeed, our contemporary 

/90 

S t i l l ,  t h e  hypothesis 

If t h e  l a r g e  a s t e r o i d s ,  t h e  "planetoids ,"  are t h e  bui ld ing  blocks from 

which t h e  s o l a r  system was c r e a t e d ,  then why do scores  and hundreds of a s t e r o i d s  

have almost round and coplanar  o r b i t s ,  when t h e  bodies of  t h e  a s t e r o i d  masses, 

according t o  0.  Yu. Schmidt 's  hypothesis ,  should have very elongated o r b i t s  - /91 

lying on d i f f e r e n t  p lanes?  On t h e  o t h e r  hand, with t h e  "accumulation" of a 

l a r g e  number of small  p a r t i c l e s  of proto-planetary cloud i n t o  "planetoids" (and 

thus t h e  a s t e r o i d s ) ,  t h e  l a t t e r  ought t o  b e  almost s p h e r i c a l ,  while i n  f a c t  a l l  

o f  t h e  a s t e r o i d s  have a complex, i r r e g u l a r ,  fragmentary shape. F i n a l l y ,  t h e  

s t r u c t u r e ,  p o s i t i o n  and o t h e r  p r o p e r t i e s  of meteor i tes ,  as w i l l  b e  shown below, 

provide evidence o f  t h e  f a c t  t h a t  a . large e a r t h l i k e  p l a n e t  was evident ly  t h e  

ances tor  o f  t h e  a s t e r o i d s  and meteor i tes .  I n  o ther  words, t h e  o l d  hypothesis  

of Olbers s t i l l  seems today t o  b e  t h e  most probable i n  comparison with a l l  

o t h e r s .  

I n  order  t o  s u b s t a n t i a t e  t h i s  p o s i t i o n ,  l e t  us look a t  t h e  facts. Onby 

they can s e r v e  a s  t h e  corners tone  f o r  any hypothesis ,  only ind isputab le  facts 
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can repudia te  or ,  v ice  v e r s a ,  confirm a suggested explanat ion.  

which prove t h a t  a t  some time a l a r g e  e a r t h l i k e  p l a n e t  Phaeton revolved around 

t h e  Sun between t h e  o r b i t s  of  Mars and J u p i t e r ?  

A r e  t h e r e  facts 

Let us once more recal l  t h a t  t h e  mean va lue  of t h e  semi-major a x i s  of  t h e  

o r b i t s  of  a l l  known a s t e r o i d s  is  equal t o  2 . 8  AU, i . e . ,  it completely f i t s  

t h e  Titius-Bode Law. Although t h i s  law i t s e l f  has  not  y e t  found any t h e o r e t i -  

c a l  foundation and has  an approximative c h a r a c t e r ,  i t  i s  s t i l l  obvious t h a t  it 

r e f l e c t s  some o b j e c t i v e  r e g u l a r i t y  and t h a t  i n  t h i s  r e g u l a r i t y  t h e  p l a n e t  

Phaeton is  an indispensable  member o f  t h e  sequence. 

I f  Phaeton r e a l l y  e x i s t e d  sometime, and then  f o r  some reason d i s i n t e g r a t e d  

i n t o  p ieces  under t h e  inf luence  of e x t e r n a l  f o r c e s ,  t h e  mean t r a j e c t o r y  of  t h e  

fragments should ev ident ly  coincide with t h e  t r a j e c t o r y  i n  which t h e  c e n t e r  of  

g r a v i t y  of t h e  parent  body t r a v e l e d ,  which i s ,  however, far from obvious. 

In  t h e  50’s of t h e  present  century G .  F .  Sultanov t r i e d  t o  f i n d  out i f  i t  

were p o s s i b l e  t o  c o r r e l a t e  t h e  d i s t r i b u t i o n  of  o r b i t s  of  c u r r e n t  a s t e r o i d s  with 

t h e  argument from t h e  d i s i n t e g r a t i o n  of  an o r i g i n a l  p l a n e t .  On t h e  b a s i s  of 

computations he pos i ted  s e v e r a l  s i m p l i f i e d  assumptions, namely t h a t  t h e  o r i g i n a l  

p lane t  suf fe red  d i s i n t e g r a t i o n  a t  t h e  aphel ion o r  p e r i h e l i o n  o f  i t s  o r b i t ,  and 

a l s o  t h a t  t h e  v e l o c i t y  of  t h e  fragments is  uniform and uniformly d i s t r i b u t e d  

i n  a l l  d i r e c t i o n s ,  s o  c o l l i s i o n s  between them d i d  not  occur.  Under t h e s e  con- 

d i t i o n s ,  hardly corresponding t o  r e a l i t y ,  G .  F.  Sultanov came t o  t h e  conclusion - /92 

t h a t  it i s  impossible t o  expla in  t h e  ex is tence  of  t h e  c u r r e n t  a s t e r o i d  b e l t  by 

t h e  d i s i n t e g r a t i o n  of one p l a n e t .  But t h i s  conclusion, as Academician V. G .  

Fesenkov El51 l 8  c o r r e c t l y  notes  i n  t u r n ,  could have been expected e a r l i e r  s i n c e  

t h e  fragments of t h e  a n c e s t r a l  p l a n e t  are known t o  have c o l l i d e d  with one 

another  and t h i s  considerably complicated t h e  o r i g i n a l  p i c t u r e ,  which can hard ly  

be solved i n  general  with t h e  methods of c e l e s t i a l  mechanics, whether Olbers 

hypothesis  is  c o r r e c t  o r  n o t .  

i n a t i o n  of  t h e  physical  p r o p e r t i e s  of a s t e r o i d s .  

A s o l u t i o n  t o  t h e  problem r e q u i r e s  f u r t h e r  exam- 
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The i r r e g u l a r  and fragmentary 

shape o f  a l l  known a s t e r o i d s  and 

meteor i tes  graphica l ly  i l l u s t r a t e s  

t h e  gradual  and cont inual  d e s t r u c t i o n  

and fragmentation of bodies i n  t h e  

a s t e r o i d  b e l t .  Even t h e  l a r g e s t  of 

t h e  a s t e r o i d s  a r e  fragments of  s t i l l  

l a r g e r  bodies  and not a t  a l l  t h e  

product o f  previous condensation of 

m a t e r i a l  from zhe preplane tary  cloud. 

Sometimes t h e  suggest ion i s  ex- 

pressed t h a t  s e v e r a l  (50) comparative- 

l y  small  a n c e s t o r a l  bodies were t h e  

ances tors  of  t h e  contemporary 

a s t e r o i d  b e l t .  However, a s  J .  Kuiper 

has  shown, even i f  these  i - n i t i a l  
Figure 20. 
Asteroidal  Bodies According t o  0. Yu. 

Formation of  Proto-Planetary bodies lay in almost the Same plane 
- 

Schmidt t s Hypothesis . and had almost c i r c u l a r  o r b i t s ,  c o l -  

l i s i o n s  between them could have been 

q u i t e  rare, one c o l l i s i o n  a f t e r  30 b i l l i o n  years ,  i . e . ,  a f t e r  a per iod which 

exceeds t h e  age o f  t h e  p l a n e t a r y  system! 

must be regarded as  one more argument i n  favor  of  t h e  r e a l i t y  of Phaeton. 

This almost insurmountable d i f f i c u l t y  

Under some condi t ions  t h e  Widmanstaetten f i g u r e s  can be obtained a r t i f i c i a l -  

l y  as a product o f  a m e t a l l u r g i c a l  process .  

obtained as almost microscopic p a r t i c l e s .  

f i g u r e s  i n  i r o n  meteor i tes  can obviously be explained by t h e  f a c t  t h a t  t h e s e  

meteori tes  were formed under extremely high pressure ,  i . e . ,  i n  t h e  depths of a 

l a r g e  p l a n e t .  

i n  meteori tes  has not  y e t  been d e f i n i t i v e l y  answered. 

But under such condi t ions they a r e  

The l a r g e  s c a l e  of  t h e  Widmanstaetten 

However, t h e  quest ion o f  t h e  source  o f  t h e  Widmanstaetten f i g u r e s  

More than one at tempt  has  been made t o  c r e a t e  a hypothe t ica l  model of  

Phaeton. The outs tanding  Sovie t  geologis t ,  Academician A .  N .  Zavari tskiy,  has  
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done t h i s  most success fu l ly .  Presuming t h a t  t h e  number of occurrences o f  

meteor i tes  o f  var ious  classes i s  propor t iona l  t o  t h e  volume o f  corresponding 

(according t o  composition) p a r t s  of  Phaeton, Zavar i t sk iy  made a graphic  rep-  - /93 

r e sen ta t ion  of t h e  s t r u c t u r e  of  t h i s  once poss ib ly  e x i s t i n g  p l ane t  (Figure 21). 

The r a d i u s  o f  i t s  i r o n  co re  amounted 

approximately t o  0.4 of  t h e  r ad ius  of  t h e  

e n t i r e  p l a n e t .  

Phaeton, corresponding t o  t h e  b a s a l t  l a y e r  

of t h e  Earth,  was approximately 1.5% of  t h e  

rad ius  o f  t h e  p l a n e t  i n  th ickness  (on t h e  

Earth i t  i s  about 1%) .  The t o t a l  mass of  

Phaeton according t o  Zavar i t sk iy ,  as a l r eady  

discussed,  was not  less than  0 . 1  of t h e  mass 

The e x t e r i o r  s o l i d  c r u s t  o f  

of  the  Earth.  As a mat te r  of f a c t ,  it could 

have been considerably g rea t e r ,  s i n c e  

a f t e r  t h e  ca tas t rophe  a considerable  

amount of substance (genera l ly  i n  t h e  

form of  dus t  and micrometeorite g ra ins )  

Figure 21. The S t r u c t u r e  o f  t h e  
Hypothetical  P lane t  Phaeton Ac- 
cording t o  A. N .  Zavar i t sk iy .  
1, Iron-nickel  nucleus;  2, I ron-  
- s i l i ca te  zone; 3,  P e r i o d o t i t i c  
zone; 4 ,  Basalt c r u s t  and b l i s t e r  
l aye r .  l e f t  t h e  a s t e r o i d  zone forever .  

F ina l ly ,  while  t h i s  t h e o r e t i c a l  "reconstruct ion" by i t s e l f  cannot prove 

t h e  r e a l i t y  of Phaeton, a t  any rate it does not con t r ad ic t  Olbers '  hypothes is .  

Diamonds and coheni te  a r e  found i n  meteor i tes .  According t o  some theo- 

r e t i c a l  computations both o f  t hese  ma te r i a l s  could only have got ten  t h e i r  

observable  s t r u c t u r e  under a pressure  of not  less than 30,000 atm, i . e . ,  i n s i d e  

a body with no l e s s  mass than t h e  moon (which, by t h e  way, is  100 times g r e a t e r  

than t h e  mass o f  Ceres . )  

t h e  order  of  1,200"C and pressures  g r e a t e r  than 55,000 a t m ,  a l ready  correspond- 

ing t o  t h e  depths of  an e a r t h l i k e  p l ane t ,  are ind i spens ib l e  f o r  t he  formation 

of  diamonds o f  t h e  m e t e o r i t i c  type.  

i s  very complex [16] and has  not  y e t  been solved,  t h e  presence of  diamonds i n  

meteor i tes  may be  explained d i f f e r e n t l y .  

According t o  some experimental  da t a ,  temperatures on 

But s i n c e  t h e  problem of  diamond formation 
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The r e s i d u a l  magnetism i n  me teo r i t e s  may have been caused through the  

magnetic po le  of  t h e  pa ren t  p l a n e t .  According t o  the  d a t a  o f  Ye. G.  Gus'kova, 

who inspec ted  270 specimens o f  meteor i tes  o f  a l l  t h r e e  types i n  1963, t h e  

magnetizing f i e l d  had an i n t e n s i t y  on the  o rde r  of  0 . 2  oers teds  f o r  rock 

meteor i tes  and 0 . 6  oe r s t eds  f o r , i r o n  ones,  i . e . ,  i n  t h i s  r a t i o  they  were 

s imilar  t o  t h e  geomagnetic po le .  Analyzing a l l  poss ib l e  sources  o f  t he  magnet-. 

i z a t i o n ,  Y e .  G .  Gus'kova reached t h e  conclusion t h a t  "the magnetism of  meteor- 

i t e s  was induced i n  t h e  pa ren t  bodies  which had n a t u r a l  magnetic po les ,  s i n c e  

it i s  d i f f i c u l t  t o  expect anywhere i n  cosmic space a simultaneous occurrence 

o f  high temperatures  and cons tan t  magnetic f i e l d s ,  necessary f o r  the  formation 

o f  thermoremanent magnetism" [ 171. 

I .  Kern a l s o  reached an analogous conclusion by showing t h a t  chondr i tes  

cooled i n  t h e  magnetic f i e l d  o f  t h e  parent  p l ane t  and t h a t  t he  i n t e n s i t y  o f  

t h i s  f i e l d  was c lose  t o  the  magnetic f i e l d  i n t e n s i t y  o f  t h e  Earth.  

Space i n v e s t i g a t i o n s  of t he  p a s t  decade have shown t h a t  magnetic f i e l d s  

a re  ev iden t ly  indigenous only f o r  l a rge  c e l e s t i a l  bodies .  They a r e  p r a c t i c a l l y  

lack ing  f o r  t he  Moon, Venus and Mars. On t h e  o t h e r  hand, t h e r e  a r e  s e r i o u s  

reasons f o r  assuming t h a t  J u p i t e r  i s  surrounded by powerful r a d i a t i o n  b e l t s  and 

thus has  a very in t ense  magnetic f i e l d .  I f  t hese  conclusions a r e  supported i n  

the  f u t u r e ,  the  r e s i d u a l  magnetism o f  meteor i tes  can become a convincing argu- 

ment i n  favor  of  t he  r e a l i t y  o f  Phaeton. 

However ponderable the  above arguments may be ,  t he  main th ing  which i s  
impel l ing some i n v e s t i g a t o r s  today t o  r e t u r n  t o  Obers' hypothesis  again 

l i e s  i n  something e l s e .  The organic  ma te r i a l  o f  me teo r i t e s ,  complex high 

molecular carbonaceous compounds found i n  them, and p a r t i c u l a r l y  enigmatic  

"organized elements," s u r p r i s i n g l y  s i m i l a r  t o  p r imi t ive  forms o f  l i f e ,  

a r e  perhaps the  main argument o f  contemporary suppor te rs  of Olbers hypothes is .  

When it i s  poss ib l e  t o  imagine (and even t o  model i n . t h e  labora tory)  t h e  

abiogenic  syn thes i s  o f  some p r o t e i n  subs tances ,  when i t  is  poss ib l e  t o  

g ran t  t h a t  syn thes i s  of  such a type has taken p l ace  and may be t ak ing  p l ace  

today i n  i n t e r p l a n e t a r y  space;  t he re  is  s c a r c e l y  any r i s k  involved i n  maintain- 

i ng  t h a t  l i f e  o r i g i n a t e d  t h e r e  a l s o .  Let us  r e c a l l  t h a t  it is  the  opinion of  
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i n v e s t i g a t o r s  t h a t  remains o f  l i v i n g  organisms were .discovered OR c e r t a i n  

meteor i tes .  

Such a p a t t e r n  seems unrea l .  I t  i s  p o s s i b l e  t o  argue about some p a r t i c u l a r  - /95 
f e a t u r e s  of  t h e  hypothesis  of  A. I. Oparin and of  o t h e r  hypotheses s i m i l a r  t o  

h i s ,  bu t  i t  is  h a r d l y  p o s s i b l e  t o  doubt t h e  fact  t h a t  an e a r t h l i k e  environment 

i s  ind ispens ib le  f o r  t h e  rise of  p r o t e i n  forms of l i f e .  

an event took p l a c e  must resemble Earth.  

i s  t h a t  Phaeton resembled Earth.  

A p l a n e t  on which such 

The necessary conclusion from t h i s  

However, i t  would be erroneous t o  consider  t h e  d iscuss ions  r e f e r r e d  t o  a s  

The problem is t o o  complex t o  ind isputab le  proof of t h e  ex is tence  of Phaeton. 

be descr ibed t o  n o n s p e c i a l i s t s .  

which even today make it necessary t o  consider  Olbers '  hypothesis  as merely 

hypothe t ica l .  

Let us simply refer  t o  s e v e r a l  d i f f i c u l t i e s  

The Soviet  m e t e o r i t e  i n v e s t i g a t o r  A. A. Yavnel' d i s t i n g u i s h e d  a t  l e a s t  

f i v e  groups of  meteor i tes  which a r e  very d i f f e r e n t  from one another  i n  chemical 

p r o p e r t i e s .  

us say t h a t  t h e  Sikhote-Alin meteor i te  i s  made up of 6% nicke1 ,whi le  t h e  well-  

-known Oktibago-Kounti meteor i te  has  a t e n  times g r e a t e r  percentage of  n i c k e l .  

This shows t h a t  it i s  not  an i r o n  meteor i te  with t h e  a d d i t i o n  o f  n i c k e l ,  but  a 
n icke l  meteor i te  with t h e  a d d i t i o n  of i r o n .  

Sometimes t h e s e  d i f f e r e n c e s  can r e a l l y  be of  var ious  types.  Let 

Yavnel' b e l i e v e s  t h a t  every group of  meteor i tes  i d e n t i f i e d  by him was 

formed independently i n  a s e p a r a t e  c e l e s t i a l  body. 

However, l e t  us n o t e  t h a t  t h i s  conclusion cannot be considered ind isput -  

I f  t h e  parent  body were a l a r g e  p l a n e t ,  condi t ions  could have been ex- able .  

tremely v a r i e d  i n  d i f f e r e n t  p a r t s  o f  i t ,  whence t h e  s u b s t a n t i a l  devia t ion  i n  

chemical p r o p e r t i e s  of  meteor i tes .  

of Kriper 's  work), f i v e  o r  even t e n  a n c e s t r a l  bodies  could not  b e  transformed 

i n t o  t h a t  f i n e l y  divided a s t e r o i d  b e l t  which we observe a t  t h e  present  t ime. 

On t h e  o t h e r  hand ( l e t  us remind t h e  reader  

Much more s e r i o u s  a r e  t h e  arguments of t h e  opponents o f  Olbers '  hypothesis  

which a r e  based on t h e  g r e a t  spread of t h e  s o - c a l l e d  cosmic ages of  meteori tes .  
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Travel ing through i n t e r p l a n e t a r y  space,  a me teo r i t e  i s  cont inuously subjec ted  

t o  t h e  e f f e c t  o f  cosmic r ays ,  f l uxes  o f  r ap id ,  e n e r g e t i c  p a r t i c l e s  b a s i c a l l y  

protons and n u c l e i  of helium atoms. On t h e  su r face  l a y e r s  o f  meteor i tes  t hese  

p a r t i c l e s  cause var ious  nuc lear  r eac t ions ,  as a r e s u l t  of  which new, so -ca l l ed  

cosmogonic elements are produced, products  of  t h e  i r r a d i a t i o n  of  meteor i tes  

by cosmic rays .  

been what i t  i s  now, it i s  p o s s i b l e  t o  compute by t h e  percentage o f  cosmic 

elements t h e  cosmic age o f  a meteor i te ,  i . e . ,  t h e  length  o f  t ime it  has been 

i n  i n t e r p l a n e t a r y  space as an ind iv idua l  c e l e s t i a l  body. 

If we p o s t u l a t e  t h a t  t h e  i n t e n s i t y  o f  cosmic rays  has  always /96 

A d i f f e r e n t  p i c t u r e  i s  found i n s i d e  a f a i r l y  l a r g e  a n c e s t r a l  body. Even 

a t  a depth on t h e  order  of a f e w  decimeters ,  t h e  rocks are p r a c t i c a l l y  sh i e lded  

from t h e  a c t i v i t y  of cosmic r ays  ( i n  t h e  sense t h a t  nuc lear  r eac t ions  with t h e  

formation of cosmogonic elements do not  occur t h e r e ) .  In  t h i s  case  i t  i s  

n a t u r a l l y  poss ib l e  f o r  r a d i o a c t i v e  decay t o  t a k e  p lace ,  e .g . ,  such as occurs 

i n  t e r r e s t r i a l  uranium o res .  

from uranium, it i s  poss ib l e  t o  es t imate  the  age of  t he  rock. But t h i s  w i l l  

not  be  i t s  cosmic age,  b u t  r a t h e r  t h e  per iod  which has  passed s i n c e  t h e  t i m e  

t h e  given c e l e s t i a l  body was formed (analogous t o  t h e  age o f  t h e  Ear th) .  

According t o  t h e  percentage o f  decay products 

Although the  t h e o r e t i c a l  s i d e  of t he  ques t ion  may seem q u i t e  s imple,  t h e  

p r a c t i c a l  determinat ion o f  age o f  a me teo r i t e  e n t a i l s  numerous d i f f i c u l t i e s .  

This work is  very meticulous and t ed ious ,  and we recommend t o  t h e  r eade r  i n t e r -  

e s t ed  i n  d e t a i l s  t h e  l i t e r a t u r e  where t h i s  ques t ion  i s  d iscussed  q u i t e  f u l l y  

[I81 

In  regard  t o  t h e  per iod  which has  passed s i n c e  t h e  t ime t h e  m e t e o r i t i c  

substance was formed, a mean age c l o s e  t o  4 1 / 2  b i l l i o n  yea r s  is found f o r  

d i f f e r e n t  meteor i tes  by d i f f e r e n t  methods. This is the  same age found 

f o r  t h e  Earth by analogous methods, and thus  it i s  accepted as the  age of t h e  

p l ane ta ry  system. 

The cosmic age o f  me teo r i t e s  i s  a d i f f e r e n t  matter. Here t h e  d i s p a r i t y  

of r e s u l t s  i s  very g r e a t .  While t h e  cosmic age of  s tone  meteor i tes  i s  20 t o  

25 m i l l i o n  years  on t h e  average, f o r  i r o n  meteor i tes  it is  longer ,  
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on t h e  average 240 t o  290 mi l l i on  years .  

meteor i tes  of  d i f f e r e n t  classes occurred a t  d i f f e r e n t  t imes ; i n  o the r  words, 

it is  no t  poss ib l e  t o  expla in  t h e  o r i g i n  o f  me teo r i t e s  and a s t e r o i d s  by t h e  

s i n g l e  explosion o f  a l a r g e  a n c e s t r a l  body. 

I t  appears t h a t  t h e  formation o f  

There i s  no denying t h a t  a l l  of  t h e s e  chronological  d i f f i c u l t i e s  may be  

a s soc ia t ed  with imperfect ions i n  contemporary methods of determining t h e  age of  /97 

meteor i tes  and with e r r o r s  i n  some of t h e  p o s t u l a t e s  accepted today. 
- 

For example, i s  t h e  i n t e n s i t y  o f  cosmic r a d i a t i o n  cons tan t?  According t o  

t h e  da t a  from t h e  i n t e r p l a n e t a r y  robot  s t a t i o n  "Mars l", t h e  i n t e n s i t y  of cosmic 

r ays  of s o l a r  o r i g i n  f l u c t u a t e d  by 80% i n  t h e  s h o r t  per iod  o f  j u s t  a few yea r s ,  

On t h e  o the r  hand, t h e  hypothesis  which cons iders  t h e  f l a s h  of a supernova star 

i n  t h e  g a l a c t i c  v i c i n i t y  of  t he  Sun t o  be t h e  cause  o f  t h e  r a p i d  e x t i n c t i o n  of  

dwarf stars seems t o  be  q u i t e  probable.  

s i t y  of  t h e  g a l a c t i c  cosmic rays  may increase  a m i l l i o n  times, and it is  n a t u r a l  

t h a t  t h i s  would sharp ly  inc rease  the  amount o f  cosmogonic elements i n  meteor i tes  

(which we would cons ider  a s i g n  of  t he  g r e a t  age of me teo r i t e s ) .  

p o s t u l a t e  about t he  constancy o f  cosmic r a d i a t i o n  is  a t  least  doubt fu l .  

A t  t h e  time o f  such a Flash t h e  i n t e n -  

In s h o r t ,  t h e  

Now imagine a second s i t u a t i o n .  Upon t h e  explosion o f  a l a rge  a n c e s t r a l  

p l ane t  a t  some time, a small  a s t e r o i d  came i n t o  being with a diameter,  l e t  us 

say,  of  s eve ra l  meters .  Its e n t i r e  su r face  l a y e r  then  began t o  experience 

cosmic r a d i a t i o n ,  t h e  age "counter" began t o  work. 

passed, and our a s t e r o i d  co l l i ded  with another  one and broke i n t o  fragments 

with diameters l e s s  than a meter. Now, cosmogonic elements formed both on those  

fragments which were ear l ie r  a t  t h e  su r face  of t h e  a s t e r o i d  and on those  

which were in s ide .  

l abo ra to r i e s?  Judging from t h e i r  cosmogonic element conten t ,  w e  w i l l  c l a s s i f y  

them by d i f f e r e n t  cosmic age. 

ments as having formed seve ra l  mi l l i on  years  a f te r  o t h e r s ,  al though i n  fact  

they separa ted  from t h e  o r i g i n a l  l a rge  p l ane t  a t  t h e  same time. 

Severa l  mi l l i on  years  

What w i l l  happen when t h e  two kinds of  meteor i tes  e n t e r  our 

We s h a l l  be  prone t o  cons ider  one o f  t h e  f r ag -  

We have a l ready  s t r e s s e d  t h a t  t h e  s t r u c t u r e  o f  meteor i tes  provides tes t i :  

mony about t h e  complexity of  t h e  l i f e  they have l e d .  D i s in t eg ra t ion  and 
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fragmentation were replaced by consol ida t ion  and slow cool ing was replaced by 

high temperature hea t ing .  We do n o t  know t h e  d e t a i l s  o f  a l l  t h i s  p r e h i s t o r y ,  

and w e  do not  have any c e r t i t u d e  t h a t  a l l  of  t h e s e  metamorphoses d i d  not  

a f f e c t  t h e  amount of cosmogonic elements,  
c u r r e n t l y  h e l d  chronology have? 

But then what va lue  does our 

I n  some modern works an at tempt  has  been made t o  a s s o c i a t e  t h e  v e l o c i t y  

of r a d i o a c t i v e  decay with t h e  changing (according t o  Dirac) f o r c e  of grav i -  

t a t i o n a l  i n t e r a c t i o n .  If t h e r e  i s  a g r a i n  of  f a c t  i n  t h e s e  i n v e s t i g a t i o n s ,  

they w i l l  cause our e n t i r e  c u r r e n t l y  accepted methodology of  determining 

meteor i te  age t o  b e  r e j e c t e d  [19]. 

The conclusion i s  c l e a r :  t h e  chronology accepted everywhere i n  contemporary 

meteor i te  s t u d i e s  cannot be considered absolu te ly  ind isputab le ,  and t h e r e f o r e  

d i s p a r i t y  i n  t h e  ages of  d i f f e r e n t  meteor i tes  cannot se rve  a s  a d e c i s i v e  

argument aga ins t  Olbers ' hypothesis .  

Let us assume t h a t  Olbers '  hypothesis  is  t r u e .  What was it t h a t  forced 

Phaeton t o  break i n t o  p ieces ,  what causes led  t h i s  p l a n e t  t o  i t s  c a t a s t r o p h i c  

d e s t r u c t i o n ?  

There have been many at tempts  t o  answer t h i s  ques t ibn ,  but  t h e  problem 

s t i l l  seems unsolved. In  1950, V .  G .  Fesenkov suggested t h a t  Phaeton once came 

t o o  c l o s e  t o  J u p i t e r  and t h a t  t h e  effect  of  t h e  l a t t e r ' s  powerful a t t r a c t i o n  

caused sharp  changes i n  t h e  pressure  and s p e c i f i c  h e a t  of Phaeton, with a r i s e  

i n  temperature and t h e  formation o f  superheated gas, and Phaeton exploded 

" l i k e  a bomb". 

This suggest ion has never  had a s u f f i c i e n t  phys ica l  b a s i s .  The d i s t r i b u -  

t i o n  o f  t h e  a s t e r o i d  o r b i t s  proves t h a t  t h e  a n c e s t r a l  p l a n e t  never came c l o s e  

t o  J u p i t e r .  

hypothesis .  

Later  even t h e  author  of  t h i s  hypothesis  p r e f e r r e d  t o  abandon h i s  

I n  1949 I .  I .  P u t i l i n  developed h i s  hypothesis of  t h e  d i s i n t e g r a t i o n  of  

Phaeton because of  i t s  very r a p i d  s p e c i f i c  r o t a t i o n .  However, t h i s  ! ' ro ta t iona l  

hypothesis" found no suppor te rs  because of i t s  poor foundations.  I n  p a r t i c u l a r  
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I.. I. P u t i l i n  d i d  n o t  a t  a l l  expla in  t h e  causes of  so  r a p i d  a r o t a t i o n  of  

Phaeton ( l i n e a r  v e l o c i t y  a t  i t s  equator on t h e  o r d e r  o f  3 km p e r  second!).  

The f%olcanic" hypothesis ,  which considers  t h e  cause o f  Phaeton's d i s -  

i n t e g r a t i o n  t o  b e  powerful vo lcanic  o r  o t h e r  explos ive  processes  occurr ing 

on it, seems t o  b e  much more l i k e l y .  

hypothesis  has been defended by many s c i e n t i s t s ,  p a r t i c u l a r l y  by A. N .  

Zavari tskiy [20] .  S. K. Vsekhsvyatskiy has  persuas ive ly  poin ted  out  t h e  pos- 

s i b i l i t y  of  p a s t  development of powerful e r u p t i v e  processes  on bodies of  t h e  

s o l a r  system. 

t h e  d e s t r u c t i o n  and d i s i n t e g r a t i o n  of one of t h e  major p l a n e t s  o f  t h e  s o l a r  

system. However, l e t  us p o i n t  out  t h a t  t h i s  hypothesis ,  defended a t  p resent  

by A. Ringwood and o t h e r s ,  does not y e t  have a s a t i s f a c t o r i l y  c l e a r  b a s i s .  

In d i f f e r e n t  var ie t ies  and forms t h i s  

I t  cannot be r u l e d  out  t h a t  such types of  processes  a l s o  led  t o  

If t e k t i t e s  are v i t r e o u s  meteor i tes ,  can t h e i r  o r i g i n  n o t  be r e l a t e d  t o  

t h e  ex is tence  of t h e  a s t e r o i d  r i n g ?  F ina l ly ,  would i t  b e  a mistake t o  consider  

a l l  meteoric bodies without exception t o  be fragments of t h e  hypothe t ica l  

Phaeton? I t  is  completely conceivable (speaking t h e o r e t i c a l l y )  t h a t  t h e r e  a r e  

o t h e r  sources f o r  t h e  o r i g i n s  of  meteoric bodies .  They could be,  l e t  us say,  

"volcanic bombs," h u r l e d  from t h e  s u r f a c e  of  t h e  l a r g e  p l a n e t s  or fragments of 

small p lane tary  s a t e l l i t e s  knocked i n t o  i n t e r p l a n e t a r y  space by a c o l l i s i o n  

between t h e  s a t e l l i t e  and a meteori te .  

Some researchers ,  such as  D .  O'Keefe, consider  t e k t i t e s  t o  be fragments of 

lunar  rocks hurled i n t o  space by t h e  impact o f  f a l l i n g  meteor i tes .  This l a t t e r  

po in t  of view s c a r c e l y  corresponds t o  r e a l i t y ,  no t  only because t h e  composition 

of t h e  s u r f a c e  lunar  rocks (judged by t h e  l a t e s t  cosmic experiments) is  not  a t  

a l l  s i m i l a r  t o  t h e  composition of t e k t i t e s ,  b u t  a l s o  because t h e  p r o b a b i l i t y  of 

fragments f a l l i n g  from t h e  moon t o  t h e  Earth is very s l i g h t .  

The cosmogonic age of t e k t i t e s  i s  very s h o r t  (on t h e  order  of a m i l l i o n  

y e a r s ) ,  and t h i s  obviously prevents t h e i r  being uni ted  with t h e  o t h e r  meteor i tes .  

But i f ,  conscious o f  t h e  imperfection of contemporary m e t e o r i t i c  chronology, we 

ignore t h i s  f a c t ,  i t  i s  poss ib le  t o  assume t h a t  t e k t i t e s  were formed from super- 

f i c i a l  s i l i c a t e  layers  of Phaeton. Unfortunately we a l s o  meet annoying 
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discrepancies here, too. 
while the carbonaceous chondrites (which, judging from appearances, must also have 
been formed from the surface layers of Phaeton) were evidently never subjected 
to any great heat (or they would not have contained "organic material"). 

Tektite formation took place at very high temperatures, 

It is still not clear how we can escape these contradictioiis. 

In the summer of 1965 at the 20th International Congress on Theoretical 
and Applied Chemistry, Academician A. P. Vinogradov reported that at the present 
time chondrites can be produced experimentally. 

They are formed from plasma during underground nuclear explosions , and the 
more powerful the explosion, the smaller the size of the globules. Recall the 
similarity between tektites and nuclear impactites. Do not these facts attest 
to some kind of nuclear processes accompanying the disintegration of Phaeton? 
Difficulties relating to the basis of Olbers I hypothesis compel some modern 
researchers to look for completely new ways of solving this problem. An 
interesting hypothesis was recently published by Academician V. G. Fesenkov [21]. 

/lo0 

Analyzing the quantitative ratios of various radioactive isotopes which 
are found in meteoritic compositions, V. G .  Fesenkov comes to the conclusion 
that "the Earth and the other planets were formed at the same time from the 
Sun and that thus the process of forming our planetary system must be organical- 
ly related to the general galactic process of star formation." 
scientist assigns a decisive role in this process to the flashes of so-called 
supernova stars during which the exploding star not only radiates into space 
enormous quantities of matter and energy, but also carries out a no less impor- 
tant process, the synthesis of heavy elements. 

The Soviet 

In the interstellar nebulous medium V. G .  Fesenkov long ago discovered old 
filaments and condensations evidently related to some stars located in the sky 
network. It is possible that all of these observations illustrate for us the 
process of the birth of stars in the interstellar medium. But then, some sub- 
stances and even separate structural details (chondries)., found now in 
meteorites, could have been formed in the very same medium. 
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"The processes  i n  t h e  o l d e s t  s t a g e  of t h e  development o f  t h e  s o l a r  system 

were no tab le  f o r  t h e i r  extreme complexity," writes V. G .  Fesenkov. "In t h e  

beginning t h i s  was some kind of  process  o f  forming heavy, inc luding  shor t - l i ved ,  

elements, ev iden t ly  t h e  f l a s h e s  of  a supernova accompanied by t h e  emission of  

shock waves with a compression o f  t h e  material i n  t h e  nebulous mis t ines s  i n  

which numerous concent ra t ions  r a p i d l y  appeared around a c e n t r a l  body, t h e  Sun 

i n  formation. 

"During r e c i p r i c a l  c o l l i s i o n s  i n  these  pro to-p lane tary  concent ra t ions ,  l o c a l  
small and shor t - te rm per iods  of  hea t ing  occurred, which l ed  t o  the  formation of  

chondr i tes  and a l s o  t o  a l a r g e  number o f  f a i r l y  complex organic  compounds. 

IlIn t h e  evolving a s t e r o i d  bodies may have occurred gradual c r y s t a l l i z a t i o n  

of  i ron-n icke l  s i d e r i t e s ;  o the r  similar bodies  ev ident ly  experienced, even i n  / l o 1  

t h e  e a r l y  s t ages  o f  t h e i r  ex is tence ,  numerous c o l l i s i o n s  and des t ruc t ion . "  

I f  everything a c t u a l l y  happened as V .  G .  Fesenkov sugges ts ,  then t h e  

hypothe t ica l  e a r t h l i k e  p l ane t  Phaeton simply never  ex i s t ed .  

To sum up, it must be recognized t h a t  a t  p re sen t ,  170 years  a f t e r  t h e  d i s -  

covery of t h e  f i r s t  a s t e r o i d ,  t h e  problem of t h e  o r i g i n  of  t h e  a s t e r o i d  b e l t  

i s  s t i l l  unsolved. 

Many hypotheses have been advanced, bu t  s o  f a r  not  a s i n g l e  one of  them 

can be  considered wel l  founded and conclusive.  In such a s i t u a t i o n  a na tura l  

conclusion i s  t o  cont inue with research  and t o  accumulate more and more new 

f a c t s .  

Although m e t e o r i t i c  s t u d i e s  and c l a s s i c a l  "observat ional"  astronomy are 

far from having f u l f i l l e d  a l l  t h e i r  p o s s i b i l i t i e s  i n  t h i s  f i e l d  of  knowledge, 

t h e  success fu l ly  developing f i e l d  of  a s t r o n a u t i c s  is  exposing completely new 

and occas iona l ly  almost f a n t a s t i c  perspec t ives  t o  a s t e r o i d  i n v e s t i g a t o r s .  I t  

may be t h a t  only d i r e c t  space experiments w i l l  d e c i s i v e l y  r evea l  t h e  s e c r e t  

of t he  o r i g i n  o f  t h e  small p l ane t s .  
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ASTEROIDS ~ -~ AND ASTRONAUTICS 

In  our days t h e  s tudy  o f  t h e  small p l ane t s  must and should be  connected 

with some problems o f  a s t r o n a u t i c s .  

several  a s t r o n a u t i c a l  t a sks .  

This r e f e r s  p r imar i ly  t o  t h e  s o l u t i o n  o f  

By s tudying t h e  o r b i t s  o f  t h e  small p l a n e t s  i t  i s  poss ib l e  t o  determine 

t h e  pe r tu rba t ions  caused by J u p i t e r  and o the r  p l a n e t s  i n  t h e i r  motions, and it 

i s  poss ib l e  t o  determine t h e  masses o f  t h e  planets according t o  t h e  amount of 

per turba t ion .  I t  i s  s c a r c e l y  necessary t o  expla in  t h a t  i n  f l i g h t  t o  p l ane t s  

t he  t r a j e c t o r i e s  computed depend not  only upon t h e  d i s t a n c e  t o  t h e  p l ane t s  bu t  

a l s o  upon t h e i r  mass. I n  t h i s  connection classical  c e l e s t i a l  mechanical 

methods a r e  s t i l l  unique and have no "competitors." 

As i s  known, some of t he  s t a r s  ( e .g . ,  Canopus) have been used as po in t s  

of  o r i e n t a t i o n  f o r  s t a b i l i z i n g  systems on spacec ra f t s .  In  t h e  f u t u r e ,  e spec ia l -  

l y  on in t e rp l ane ta ry  f l i g h t s ,  t h e  use of s tars  f o r  o r i e n t a t i o n  w i l l  be even 

more widespread. In  t h i s  connect ion,  it i s  obviously necessary t o  know as 

exac t ly  as poss ib l e  t h e  r e l a t i v e  pos i t i ons  o f  t h e  stars i n  t h e  sky and t h e i r  

c e l e s t i a l  equa to r i a l  coord ina tes .  Maximum p r e c i s i o n  i n  s t e l l a r  ca ta logs  is __ / l o 2  

u rgent ly  needed f o r  a s t ronau t s .  

In t h e  las t  ana lys i s  t h e  problem leads t o  as exac t  as poss ib l e  a determin- 

a t i o n  o f  t h e  p o s i t i o n  of  po in t s  of  t h e  un ive r sa l  equinox--the beginning of  

computations i n  t h e  e q u a t o r i a l  system o f  coord ina tes .  This problem can be  

solved by observing t h e  p l a n e t s  f o r  which an exact  theory  of  motion has been 

worked ou t .  The most convenient of t h e  p l ane t s  a r e  t h e  a s t e r o i d s ,  as t h e i r  

s t a r l i k e  appearance fac i l i t a tes  measurement and e l imina te s  a number of s y s t e m -  

a t i c  e r r o r s .  Thus, one more connection between t h e  small p l ane t s  and a s t r o -  

nau t i c s  i s  envisaged. 

Included i n  t h e  work o f  t h e  near  f u t u r e  i n  conquering space,  t h e  a s t e r o i d  

b e l t  appears as a reg ion  o f  increased  m e t e o r i t i c  danger,  i . e . ,  as an o b s t a c l e  

t o  f l i g h t  towards t h e  d i s t a n t  p l ane t s ,  J u p i t e r ,  Sa turn ,  Uranus, Neptune and 

Pluto.  

a s t e r o i d s .  

But poss ib ly  t h e r e  e x i s t s  another  p o s i t i v e  r e l a t i o n s h i p  with t h e  
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The small mass and scanty dimensions of t h e s e  bodies  f a c i l i t a t e  landing 

on t h e  l a r g e s t  o f  them ( l e t  us say  Ceres) o r  "mating" with t h e  o t h e r s ,  as even 

f o r  Ceres t h e  c r i t i ca l  v e l o c i t y  amounts t o  only 300 m/sec. 

a t  t h e  present  t i m e  t h e  elements of  t h e  a s t e r o i d  o r b i t s  are known wi th in  l a r g e  

l i m i t s  o f  e r r o r  which s t i l l  make Ita h i t "  with them, i . e . ,  sending spacecraf t  

from Earth t o  t h e  v i c i n i t y  of t h e  a s t e r o i d s ,  d i f f i c u l t  (not  t o  speak of  land- 

ing  on t h e i r  s u r f a c e ) .  Taking o f f  from a s t e r o i d s  i s  a l s o  presented i n  p r i n c i p l e  

as  a f a i r l y  easy undertaking. I n  s h o r t ,  t h e  lack  of an atmosphere and a s i g n i f i -  

c a n t  f i e l d  of a t t r a c t i o n  f a c i l i t a t e  d i r e c t  s tudy  of  t h e  small p l a n e t s .  
what can such i n v e s t i g a t i o n s  give t o  sc ience?  

f o r  t h e  b e n e f i t  o f  mankind? 

Let us note  t h a t  

But 
Can t h e  small  p lane ts  be used 

I t  is  p o s s i b l e  t h a t  some of  t h e  a s t e r o i d s  are r i c h  i n  precious n a t u r a l  

minerals.  Then t h e i r  wealth i n  ores  can be mined o r  t r e a t e d  on t h e  s p o t ,  o r  

t ranspor ted  t o  Earth.  E i t h e r  i s  poss ib le  i n  theory,  although accompanied by 

g i g a n t i c  t e c h n i c a l  d i f f i c u l t i e s .  

But t h e  main p o i n t  i s  probably not  included i n  t h e s e  very u t i l i t a r i a n  

goals .  Much more important i s  t h e  information about t h e  p a s t  of t h e  s o l a r  

system, t h e  o r i g i n  of  t h e  a s t e r o i d  b e l t  and t h e  n a t u r e  of t h e  a s t e r o i d s ,  

knowledge which w e  w i l l  ob ta in  by s tepping onto t h e i r  sur faces .  

Even now, a t  t h e  beginning of t h e  d i r e c t  s tudy  of  t h e  a s t e r o i d s  by a s t r o -  

n a u t i c  methods, t h e r e  is  reason t o  think t h a t  very unexpected s u r p r i s e s  

await  us.  

Do you r e c a l l  t h a t  t h e  s tudy of meteor i tes  began with a s t r u g g l e  aga ins t  

i n e r t i a  and f a l l a c y ?  TWO hundred years  ago o f f i c i a l  sc ience  d id  not  recognize 

t h e  r e a l i t y  o f  meteor i tes .  

appeared forced t o  recognize t h a t  "stones can f a l l  from t h e  s k y , " t h e  i n t e r e s t i n g  

process of t h e  gradual expansion o f  meteor i te  c l a s s i f i c a t i o n  began. 

/ l o 3  

A f t e r  1803, when t h e  P a r i s  Academy of  Sciences 

When Berzel ius  i n  1834 found t h e  f irst  carbonaceous chondr i te  i n  h i s  

hands, t h e  s c i e n t i s t  thought f o r  a long time t h a t  t h e r e  had been some kind of 

mistake: even a t  t h a t  time only i r o n  and s tone  meteor i tes  were o f f i c i a l l y  

recognized. 
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Although Chladnyy had a l ready  adduced incon t rove r t ib l e  proof o f  t h e  fact 

t h a t  t h e  famous Pallas i r o n  was a me teo r i t e ,  people r e fused  t o  b e l i e v e  him f o r  

a long t ime. Only i n  1902 when a meteor similar i n  na tu re  t o  t h e  Pallas chunk 

f e l l  and was found, was t h e  c l a s s i f i c a t i o n  of  meteor i tes  o f f i c i a l l y  enlarged 

by p a l l a s i t e s ,  a cur ious  v a r i e t y  o f  s tone  meteor i tes .  I t  i s  conceivable  t h a t  

d i r e c t  s tudy  of  t h e  a s t e r o i d s  w i l l  considerably broaden t h e  contemporary 

c l a s s i f i c a t i o n  of  meteor i tes .  

Among t h e  wi ld  American p lans  f o r  unleashing thermonuclear war i n  space 

t h e r e  has  a l s o  appeared a sugges t ion  f o r  using t h e  small p l a n e t s  as a s t e r o i d  

bombs! A concre te  llproject 'l  o f  t h i s  type  was suggested by K. Koul, a worker 

of t h e  General E l e c t r i c  Company and t h e  author  of  monographs about a s t e r o i d s .  

He would send a spaceship with a team of a s t ronau t s  on board i n t o  t h e  a s t e r o i d  
b e l t .  They would 'Imoor" on an a s t e r o i d  o f ,  l e t  us say,  a diameter  of 52 km 

and a mass of  500 mil l ion  tons  and then,  by making use  of  t h e  engines of t h e  

c r a f t ,  they would d i r e c t  t h i s  a s t e r o i d  t o  a designated a r e a  of t h e  t e r r e s t r i a l  

globe. The explosion of  such an a s t e r o i d  as i t  h i t  t h e  Earth may be  considered 

as equal t o  t h e  simultaneous explosion of a b i l l i o n  hydrogen bombs o f  a moderate 

s i z e .  

Natura l ly ,  l 'proj ec t s "  o f  t h i s  type  need no commentary. 

In  1966 t h e  Koul p r o j e c t  was d iscussed  i n  the  Pentagon'' [ 2 2 ] .  

Our plans are  d i f f e r e n t .  We a r e  not  master ing space f o r  grasping,  aggres- 

s i v e ,  ant ihumanitar ian purposes,  b u t  f o r  t h e  sake of  new resources  i n  space,  

mat te r ,  energy and f o r  a t ransformat ion  of mankind i n t o  a cosmic c i v i l i z a t i o n .  
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